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ABSTRACT 

The  effect  of  selecting  different  airworthiness  standards  and  lifing  methodologies  on  in-service 
structural  life  assessments  is  examined  by  using  thefull  scaletest  results  from  theP-3ServiceLife 
Assessment  Program  (P-3  SLAP).  The  effect  on  structural  inspection  thresholds  and  intervalsis 
determined  by  applying  the  methods  advanced  by  major  international  military  and  civilian 
airworthiness  standards.  Different  life  prediction  models  are  also  compared  against  the  P-3  SLAP 
results  and  against  results  from  DSTO  coupon  tests. 
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E  val  u  ati  on  of  A I  ternati  ve  L  i  f e  A  ssessment 
Approaches  Using  P-3  SLAP  Test  Results 


Executive  Summary 

The  P-3  Service  Life  Assessment  Program  (P-3  SLAP)  was  an  international  program 
conducted  between  1999  and  2004.  Led  by  the  United  States  N  avy  (USN ),  the  program 
consisted  of  a  series  of  full  scale  fatigue  tests  and  analyses  of  the  P-3aircraft  in  order  to 
determine  the  remaining  structural  life  of  the  aircraft.  Three  other  countries  participated; 
Australia,  Canada  and  The  Netherlands.  DSTO  conducted  the  majority  of  the  Australian 
technical  activities  including  flight  test  loads  measurement,  wing  teardown  and  an 
empennage  full  scale  fatigue  test.  As  well  as  these  activities  DSTO  also  conducted  an 
interpretation  of  all  the  full  scale  test  conducted  under  the  SLAP  and  produced  a 
Structural  Management  Plan  consisting  of  the  necessary  inspections  and  component  life 
limits  for  implementation  by  theRAAF. 

The  DSTO  test  interpretation  process  was  developed  to  meet  the  requirements  of  FAR 
25.571,  theairworthiness  standard  selected  for  the  in-service  structural  management  of  the 
RAAF  P-3  fleet.  The  life  assessment  tools  selected  by  DSTO  were  common  to  the  other 
SLAP  partners  but  the  processes  used  to  develop  inspection  intervals,  life  limits  and 
Individual  Aircraft  Tracking  algorithms  were  unique  to  DSTO,  in  part  due  to  the 
airworthiness  standard  selected. 

Duri  ng  the  conduct  of  the  DSTO  empennage  test  an  opportunity  was  taken,  by  applyi  ng 
an  augmented  loads  sequence,  to  push  the  test  as  far  as  possibleand  gather  failuredata 
that  would  not  otherwise  be  possible.  At  the  same  time  it  was  known  that  this  test  loads 
augmentation  would  allow  the  test  results  to  beused  in  a  "SafeSN "  analysis  as  advocated 
by  the  UK  MoD  Def  Stan  00-970,  providing  an  opportunity  for  assessing  an  alternative 
approach  to  the  ai  rworthi  ness  clearance  of  the  empennage. 

This  report  takes  the  idea  of  using  the  P-3  SLAP  test  results  to  evaluate  alternative 
airworthiness  standards  further  by  also  examining  USN  and  USAF  methodologies.  The 
aim  of  this  report  is  to  make  comparisons  of  the  outcomes  derived  from  the  different 
approaches  and  comment  on  any  differences  and  si  mi  lari  ties.  The  comparisons,  presented 
in  terms  of  structural  inspection  thresholds  and  intervals  for  selected  critical  areas  areof 
interest  for  both  their  differences  and  their  similarities.  The  comparisons  can  help  the 
RAA  F  A  i  rworthi  ness  A  uthority  select  the  most  appropriate  methodologies  for  future  life 
assessment  tasks. 

Inthe  final  sections  of  the  report  results  from  the  life  assessments  tools  used  by  DSTO  in 
the  SLAP  test  interpretation  work  are  compared  to  results  obtained  from  alternative 
models  and  to  the  results  from  a  contemporary  coupon  test  program. 
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1.  Introduction 


The  Royal  Australian  Air  Force  (RAAF)  has  operated  the  Lockheed-Martin  (L-M)  designed 
P-3  Orion  maritime  patrol  aircraft  for  many  years  and  in  the  1990s,  at  the  time  of  the 
formulation  of  the  avionics  update  program  for  the  aircraft  that  became  Project  AIR  5276, 
concern  was  expressed  about  the  structural  safe  life  limit  then  applied  to  the  aircraft  and  the 
potential  for  life  extension.  In  1999  the  Australian  Department  of  Defence  along  with  their 
counterparts  in  Canada  and  the  Netherlands  joined  with  the  United  States  Navy  (USN)  to 
conduct  the  P-3  Service  Life  Assessment  Program  or  P-3  SLAP.  The  program  consisted  of  a 
number  of  full  scale  fatigue  tests  (FSFT)  and  accompanying  analyses  that  would  provide  an 
updated  fatigue  assessment  of  the  aircraft.  The  P-3  SLAP  included  full  scale  tests  of  the  wing, 
fuselage  and  empennage  at  L-M  in  Marietta,  Georgia,  USA,  a  test  of  the  main  undercarriage  at 
Vought,  USA,  and  a  full  scale  test  of  the  empennage  conducted  at  the  Defence  Science  and 
Technology  Organisation,  (DSTO)  in  Melbourne,  Australia.  The  two  empennage  tests  resulted 
from  the  desire  to  test  both  a  retired  in-service  article  in  its  as-manufactured  state  as  well  as  a 
recently-refurbished  and  modified  structure.  Test  Interpretation  (TI)  was  undertaken 
separately  by  the  individual  SLAP  partners.  The  RAAF  tasked  DSTO  to  lead  the  Australian 
involvement  in  the  P-3  SLAP  and  to  undertake  interpretation  of  the  results  of  all  the  full  scale 
tests  in  the  program. 

1.1  DSTO  Test  Interpretation 

The  P-3  aircraft  was  an  evolution  of  the  Lockheed  Electra  which  had  been  designed  and 
certified  against  Civil  Air  Regulations  (CAR)  4b  (the  predecessor  of  Federal  Aviation 
Regulation  [FAR]  25).  The  structure  was  designed  to  a  fail-safe  philosophy,  with  some 
components  such  as  the  landing  gear  designed  to  safe  life.  As  part  of  the  P-3  SLAP,  the  RAAF 
elected  to  update  the  CAR  4b  requirements  for  in-service  management  of  the  RAAF  P-3  fleet 
with  FAR  25.571  Amendment  25-95  which  specified  the  conduct  of  a  damage  tolerance 
assessment. 

DSTO  conducted  the  test  interpretation  in  accordance  with  the  FAR  25.571  requirements  and 
the  guidance  material  from  the  accompanying  Advisory  Circular  AC  25.571-1C.  The  TI 
methodology  and  results  are  given  in  [1].  The  TI  calculations  were  then  used  to  develop  in- 
service  structural  management  instructions  for  the  RAAF  P-3  fleet  consisting  of  inspection 
instructions  and  component  life  limits.  The  TI  predictions  were  augmented  by  a  probabilistic 
analysis  of  USN  fleet  data  that  had  just  become  available  as  a  result  of  inspections  triggered 
by  FSFT  failures.  The  resulting  structural  management  instructions  were  combined  into  a 
document  called  the  Structural  Management  Plan  (SMP)  [3]. 

1.2  The  Potential  for  a  Comparison  of  D  ifferent  Standards 

During  the  preparation  for  the  DSTO  empennage  test  it  was  realised  that  augmented  loading 
would  be  required  in  order  to  exercise  the  structure  sufficiently  to  produce  failures.  It  was 
also  realised  that  the  generation  of  any  FSFT  failure  data  would  then  also  allow  the 
empennage  to  be  interpreted  using  the  Defence  Standard  (Def  Stan)  00-970  Safe  S-N  approach. 
Subsequent  to  the  DSTO  P-3  SLAP  FAR  25.571  based  TI  work  interest  existed  in  the  DSTO 
Airworthiness  Standards  and  Fatigue  Methods  Task  in  conducting  research  to  compare  the 
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timing  of  the  eventual  fleet  actions  such  as  inspection  thresholds  and  intervals  resulting  from 
the  application  of  other  international  airworthiness  standards  and  their  associated  lifing 
methodologies. 

As  a  result,  a  number  of  critical  locations  from  the  P-3  SLAP  wing  and  empennage  tests  were 
selected  for  the  calculation  and  comparison  of  different  airworthiness  standards  such  as  Def 
Stan  00-970  and  the  Joint  Service  Specification  Guide  JSSG  2006.  This  report  presents  those 
results.  The  aim  of  this  report  is  to  make  comparisons  of  the  outcomes  derived  from  the 
different  approaches  and  comment  on  any  differences  and  similarities. 

1.3  Airworthiness  Standards  Examined  in  this  Comparison 

The  following  airworthiness  standards  were  selected  and  used  in  the  comparison  work. 

(a)  Def  Stan  00-970.  This  UK  Defence  Design  and  Airworthiness  Standard  requires 
the  calculation  of  a  safe  life  for  all  fatigue  critical  locations  and  advocates  the  use 
of  the  Safe  S-N  methodology.  Originally  selected  for  a  trial  on  the  empennage,  it 
was  also  able  to  be  applied  to  the  critical  wing  locations.  The  standard  also  gives 
guidance  on  how  to  calculate  inspection  intervals  for  inspectable  locations  post 
safe  life. 

(b)  JSSG  2006.  This  US  Department  of  Defence  specification  guide  provides  guidance 
on  both  the  requirements  for,  and  evaluation  of,  durability  and  damage  tolerance. 
It  includes  both  the  United  States  Air  Force  (USAF)  crack  growth  based  approach 
that  originated  from  the  Air  Force  Guide  Specification  AFGS  87221  and  Military 
Specification  (Mil-Spec)  83444,  as  well  as  the  USN  Safe  Life  assessment  approach. 
The  USN  approach  had  been  broadly  used  by  L-M  in  their  P-3  SLAP  TI  work  for 
the  USN.  Both  approaches  were  selected  for  study  in  this  report. 

1.4  Probabilistic  Analysis 

Concurrent  with  DSTO's  TI  work,  L-M  also  conducted  interpretation  of  the  P-3  SLAP  results 
for  their  customer,  the  USN.  As  the  USN  had  large  numbers  of  high-life  aircraft,  their  TI 
findings  were  very  quickly  converted  into  fleet  wide  inspections  of  the  FSFT  identified  critical 
locations.  Fleet  findings  (both  cracked  and  uncracked  aircraft)  became  available  and  this  data 
was  used  subsequent  to  the  initial  DSTO  TI  analysis  to  corroborate  or  sometimes  modify  the 
original  calculations  of  inspection  threshold.  The  differences  between  predictions  and  fleet 
results  reflect  not  only  the  assumptions  and  accuracy  of  the  test  and  test  interpretation 
programs  in  the  areas  of  loads  estimation,  spectral  content  and  crack  growth  tool  predictions, 
but  also  the  accuracy  of  some  of  the  underlying  assumptions  of  the  methodology  such  as 
fatigue  scatter. 

1.5  Comparison  of  Lifing  Methods 

The  life  prediction  method  used  in  the  P-3  SLAP  TI  work  represents  a  "combined"  approach 
to  crack  growth  life  prediction,  ie  the  total  crack  growth  life  is  a  combination  of  a  "crack 
initiation"  and  a  crack  growth  life.  Traditional  strain-life  and  crack  growth  tools  were  used  as 
will  be  explained  in  Section  2.4.  The  comparison  against  the  Def  Stan  00-970  advocated  Safe  S- 
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N  approach  presents  an  opportunity  to  compare  the  P-3  SLAP  tools  against  this  stress-life 
approach.  Additionally,  the  experimental  results  from  the  P-3  SLAP  tests  also  offered  an 
opportunity  to  trial  the  recently  developed  DSTO  Equivalent  Block  Approach  (EBA)  for  P-3 
type  spectra.  This  is  done  in  Section  8. 

1.6  Post-T est  I  nterpretation  C oupon  T ests 

The  P-3  SLAP  TI  process  had  also  envisaged  a  post-interpretation  set  of  coupon  tests  using  the 
latest  version  of  the  fatigue  spectra  that  were  available.  This  was  because  the  TI  had 
proceeded  using  life  and  crack  growth  prediction  tools  that  had  been  calibrated  using  early 
versions  of  both  the  FSFT  and  RAAF  spectra.  In  some  areas  the  load  spectra  had  changed 
significantly  and  it  was  felt  that  the  TI  predictions  needed  to  be  confirmed  by  results  from  the 
latest  spectra  used  in  the  analysis.  This  report  also  includes  the  results  from  that  series  of 
coupon  tests  run  using  the  spectra  from  the  TI.  The  experimental  results  are  compared  with 
the  previously  conducted  (truly  'blind')  predictions  for  RAAF  usage. 
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2.  Background  to  D ST 0  P-3  SLAP  Test  Interpretation 

The  P-3  SLAP  consisted  of  a  number  of  full  scale  tests  conducted  between  2001  and  2004.  Test 
running  was  preceded  by  loads  development,  spectra  development  and  test  build  up 
activities.  All  tests  suffered  failures  from  fatigue  that  resulted  in  TI  work,  fleet  inspections  and 
the  development  of  new  wing  components  with  life  improvements. 

2.1  Wing  and  Fuselage  Fatigue  Test 

The  wing  and  fuselage  FSFT,  shown  in  Figure  1,  was  conducted  by  L-M  at  their  facility  in 
Marietta,  Georgia  using  a  USN  85th  percentile  spectrum.  The  FSFT  article  was  a  retired  USN 
aircraft  which  had  accrued  10,988  hours  of  nominally  85th  percentile  USN  usage.  Under  the 
USN's  fleet  Sustained  Readiness  Program  (SRP),  numerous  components  on  the  left  hand  (LH) 
outer  wing  of  the  test  article  were  replaced  including  most  of  the  lower  skin  panels,  front  and 
rear  spar  webs  and  lower  spar  caps.  The  fuselage  and  the  centre  and  right  hand  (RH)  outer 
wings  were  left  unmodified  to  represent  the  build  state  of  the  RAAF,  Canadian  and  Dutch 
fleets.  A  total  of  38,000  test  hours  was  applied  to  the  test  article.  A  residual  strength  test  was 
then  conducted  and  the  wing  failed  at  an  undiscovered  fatigue  crack  in  the  centre  wing  area 
emanating  from  a  fuel  weep  hole  in  a  lower  wing  plank  stringer  (subsequently  referred  to  as 
Fatigue  Critical  Area  [FCA]  163). 


Figure  1:  W ing/Fuselage  Fatigue  Test  at  L -M 
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2.2  Empennage  Testing 

L-M  also  conducted  a  test  of  the  empennage  using  the  component  from  the  same  aircraft  and 
applying  the  SRP  modification  to  the  tailplane  (essentially  replacing  all  tailplane  skin 
structure).  A  total  of  38000  hours  of  testing  to  the  USN  85th  percentile  spectrum  was  applied 
to  the  test  article,  however  due  to  schedule  constraints  certain  'abrupt'  manoeuvre  loads 
known  to  be  very  conservative  in  their  calculation  remained  in  the  spectrum. 

The  structure  tested  by  DSTO  consisted  of  a  retired  USN  empennage  that  had  accumulated 
13,289  actual  flight  hours  and  13,112  landings  and  was  of  similar  age  and  usage  as  aircraft  in 
the  RAAF  fleet.  The  test  article  consisted  of  the  aft  fuselage  behind  the  rear  pressure  bulkhead 
from  fuselage  station  (FS)  1117  to  FS  1259,  the  horizontal  stabiliser  (including  the  leading 
edges  and  elevators),  the  vertical  stabiliser  (including  the  leading  edge)  and  the  dorsal  fin  aft 
of  FS  1117.  The  control  surfaces  were  considered  transition  structure  and  the  aft  fuselage  was 
attached  to  a  section  of  the  fuselage  forward  of  the  FS  1117  production  splice  that  acted  as  a 
transition  structure  between  the  test  article  and  the  test  rig.  The  empennage  test  rig  at  DSTO  is 
shown  in  Figure  2. 

Very  early  in  the  DSTO  test  program  it  was  recognised  that  the  stress  levels  in  the  empennage 
principal  structural  elements  would  mean  that  the  test  time  needed  to  generate  representative 
failures  would  be  long.  Increasing  the  spectrum  load  levels  would  reduce  testing  time  and 
also  allow  exploration  of  the  UK  Def  Stan  00-970  Safe  S-N  concept  of  variable  scatter  factor 
associated  with  different  structural  features.  The  test  subsequently  applied  an  aircraft  usage 
based  load  spectrum  for  two  lifetimes  in  order  to  expose  any  early  failures  resulting  from 
design  flaws,  followed  by  the  same  load  spectrum  significantly  augmented  in  load  level  but 
with  the  peak  loads  clipped  to  avoid  unrepresentative  yielding  at  critical  locations.  See  [2]. 

The  baseline  testing  phase  consisted  of  30,000  Simulated  Flight  Hours  (SFH)  of  fatigue  cycling, 
utilising  a  load  spectrum  that  was  representative  of  USN  85th  percentile  usage,  designated  as 
A041B.  This  spectrum  was  developed  by  L-M  for  their  empennage  test  and  was  subsequently 
transformed  for  use  on  the  Australian  test  rig  with  some  additional  modification  of  the  abrupt 
manoeuvre  loads  in  order  to  better  match  measured  flight  loads.  For  the  fin,  the  loading  was 
essentially  identical  in  both  tests.  During  this  first  phase  of  testing,  the  article  exhibited  a 
number  of  failures  from  poorly  designed  local  details  that  had  also  been  observed  in  service 
aircraft.  Whilst  this  evidence  gave  comfort  that  the  test  was  representative  of  in-service 
loading,  no  failures  or  crack  growth  was  observed  in  the  primary  structural  elements. 

The  first  extended  testing  phase  was  then  conducted,  consisting  of  15,000  SFH  of  testing  under 
the  augmented  load  designated  as  A041D.  For  the  fin,  the  level  of  load  increase  or 
augmentation  was  1.6  whilst  the  peak  loads  were  clipped  at  1.1  times  the  peak  loads  in  the 
original  A041B  spectrum.  At  the  conclusion  of  this  phase  of  testing,  there  was  still  minimal 
fatigue  damage  observed  in  the  primary  structural  elements. 
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Figure  2:  DSTO  E mpennage  Fatigue  T est 


A  second  phase  of  extended  testing  designated  as  damage  tolerance  testing  was  then 
undertaken  also  using  the  augmented  A041D  spectrum.  Before  cycling  commenced  artificial 
damage  in  the  form  of  saw  cuts  was  inserted  into  various  primary  structure  elements  aimed  at 
gathering  crack  growth  information  to  supplement  the  data  that  had  already  been  obtained 
from  the  test.  Almost  immediately  into  the  damage  tolerance  testing  phase  a  natural  fatigue 
failure  occurred  in  hidden  structure  at  the  base  of  the  RH  Vertical  Stabiliser  (V-Stab)  front  spar 
cap  and  its  associated  doubler.  This  failure  location  was  designated  FCA811  and  the 
subsequent  test  article  teardown  revealed  that  two  cracks  existed  at  this  location.  The  crack 
that  severed  the  front  spar  cap  originated  at  a  flange  runout  feature  and  was  designated 
FCA811-2,  whilst  a  second  crack  a  few  inches  away,  and  itself  almost  at  the  point  of  failure 
originated  at  a  fastener  hole  common  to  the  spar  cap  and  doubler  and  was  designated  as 
FCA811-1.  Incidentally,  FCA811-1  had  been  the  original,  analytically-predicted  fatigue  critical 
location  for  the  fin  front  spar.  The  above  failure  resulted  in  the  cessation  of  V-Stab,  rudder  and 
dorsal  fin  loading;  however,  cycling  of  the  horizontal  stabilisers  and  aft  fuselage  continued  up 
until  the  end  of  the  damage  tolerance  testing  phase  of  15,000  SFH. 
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Residual  strength  testing  to  design  limit  load  (DLL)  (which  demonstrated  the  fail  safe  capacity 
of  the  degraded  fin  structure)  and  a  full  teardown  and  examination  of  the  test  article  structure 
completed  the  test  program.  A  summary  of  the  defects  detected  throughout  the  fatigue  test 
and  during  post-test  teardown  is  in  [2] .  Apart  from  the  fin  front  spar,  significant  failures  were 
generated  in  the  spars  and  stringers  of  the  horizontal  stabiliser,  some  of  which  were  replicated 
in  the  L-M  test. 

2.3  Scope  of  D  STO  Test  I  nterpretation  Work 

Spectra  applied  to  the  SLAP  tests  were  equivalent  to  USN  85th  percentile  'severe'  usage.  RAAF 
usage  was  determined  to  be  broadly  similar  to  average  USN  usage,  but  significantly  different  to 
the  85th  percentile  spectrum  developed  for  the  tests.  The  differences  were  also  highlighted  by 
changes  (generally  refinements  and  improvements)  in  the  aircraft  external  loads  system 
throughout  the  P-3  program.  As  a  result,  the  TI  had  to  convert  test  results  under  the  USN  85th 
percentile  spectrum  to  RAAF  average  usage.  RAAF  average  usage  was  also  observed  to  differ 
between  P-3C  flying  and  AP-3C  flying  (the  conversion  involved  an  avionics  update  to  the 
aircraft  during  the  period  2000-2004)  with  the  AP-3C  usage  calculated  to  be  less  severe. 

To  maintain  commonality  with  the  efforts  of  L-M  and  the  other  SLAP  partners,  data  from  L-M 
on  the  analysis  of  the  wing/ fuselage  fatigue  test  (for  which  L-M  had  the  lead)  such  as  crack 
fractography,  finite  element  method  (FEM)  based  stress  levels  and  stress  intensity  factors  were 
used  in  the  DSTO  TI.  For  the  DSTO  empennage  test,  stress  intensity  values  and  strain/ load 
relationships  were  calculated  by  DSTO. 

2.4  Selection  and  Calibration  of  Lifing  Tools 

The  tools  used  by  all  partners  for  their  TI  were  also  a  product  of  early  L-M  testing  and  P-3 
SLAP  community  consensus.  The  FAMS  strain-life  program  [20]  was  selected  for  crack 
initiation  calculations  and  FASTRAN  3.8  (with  some  modifications  by  L-M)  was  used  for 
crack  growth  analysis. 

Coupon  tests  undertaken  by  DSTO  and  others  during  the  P-3  SLAP  for  tools  calibration  and 
verification  included: 

(a)  Crack  growth  and  fatigue  life  coupons  run  by  L-M  to  investigate  the  effect  on  life  of 
spectra  clipping  and  truncation. 

(b)  Centre  crack  coupons  run  in  Canada  for  L-M  to  support  FASTRAN  calibration. 

(c)  Crack  growth  and  fatigue  life  coupons  run  by  The  Netherlands  National  Aerospace 
Laboratory  (NLR)  on  behalf  of  all  the  P-3  SLAP  FMS  customers  to  investigate  spectra 
differences. 

(d)  Coupons  run  at  DSTO  to  augment  the  NLR  coupons  tests  for  additional  FCA  locations 
and  other  RAAF  spectra. 

(e)  Coupons  run  at  DSTO  using  constant  amplitude  loading  to  provide  alternative 
material  data  to  support  FAMS  calibration  investigations. 

The  results  of  the  NLR  coupons  tests  are  in  [17]  whilst  the  DSTO  coupon  tests  are  recorded  in 

[21]. 
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2.5  Follow-up  Coupon  Testing 

Between  the  time  that  the  FAMS  and  FASTRAN  tools  were  initially  calibrated  and  the  DSTO 
TI  was  completed,  the  P-3  external  loads  system,  the  loads-to-stress  relationships  at  FCAs  and 
the  content  of  the  RAAF  spectra  had  all  undergone  refinements  within  the  P-3  SLAP.  As  a 
result,  the  original  DSTO  TI  plan  also  envisaged  an  additional  set  of  coupon  tests  run  using 
the  final  TI  loads  spectra  that  would  provide  a  post-TI  check  on  the  life  predictions  that  were 
then  being  used  in  the  SMP  to  make  recommendations  for  the  RAAF  fleet  management 
actions.  This  activity  was  called  a  'close  the  circle'  verification  process  and,  after  some  delay, 
this  test  program  was  eventually  carried  out  in  2008  and  the  results  are  given  in  Section  9. 
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3.  P-3  Case  Studies  Critical  Locations  and  Spectra 

3.1  Critical  Locations 

The  P-3  case  studies  will  be  conducted  at  a  selected  number  of  critical  structural  locations 
identified  during  the  P-3  SLAP.  The  lower  outer  wing  FCAs  listed  below  were  identified  as 
significant  as  a  result  of  cracks  detected  on  the  P-3  FSFT.  Consequently,  analysis  of  these 
locations  was  performed  within  the  wing-fuselage  TI  report  [1]  and  they  will  also  be 
examined  in  this  report. 

•  FCA301 -WEB-4 

•  FCA351-CDN-2 

•  FCA352-PDN-1 

•  FCA375-PSS-2 

Several  empennage  FCAs,  listed  below,  were  also  selected  for  comparison.  These  locations 
were  identified  in  the  DSTO  empennage  TI  report  [2]  as  a  result  of  significant  cracking  on  the 
FSFT. 

•  FCA811-1 

•  FCA811-2 

•  FCA886 

The  location  of  each  of  these  FCAs  and  the  relevant  full  scale  fatigue  test  results  are  presented 
in  Appendix  A.  Significant  amounts  of  fleet  inspection  data  have  been  generated  by  the  USN 
and  other  P-3  operators  and  are  also  included  in  the  Appendix  A.  More  information  regarding 
the  inspection  programs  that  were  (and  continue  to  be)  undertaken  is  included  in  [3],  The  fleet 
inspection  information  was  correct  as  of  the  time  of  the  publication  of  [3]  which  was 
December  2006. 

3.2  Wing  Spectra 

The  sequence  applied  to  the  P-3  SLAP  wing/  fuselage  test  article  is  referred  to  as  the  FSFT 
spectrum  in  this  report.  This  spectrum  is  representative  of  USN  85th  percentile  usage  and  was 
applied  to  the  FSFT  article  for  38,000  SFHRS.  RAAF  spectra  were  generated  for  both  P-3C  and 
AP-3C  usage.  Both  RAAF  spectra  represent  average  usage,  with  the  P-3C  spectrum 
representing  RAAF  flying  between  1991  and  1999,  and  the  AP-3C  spectrum  representing 
flying  post  the  AIR  5276  Project  avionics  upgrade  in  circa  2000. 

The  wing  stress  sequences  utilised  in  this  report  were  created  by  different  processes  which  are 
summarised  below. 

(a)  All  FSFT  stress  sequences  at  each  wing  FCA  in  Sections  4  to  9  were  generated  by 
L-M  load  sequence  development  software  from  USN  85th  percentile  mission 
criteria  and  using  Phase  IIB  FEM-based  stress-to-load  ratios  (SLRs).  These  FSFT 
sequences  were  also  used  in  the  DSTO  wing/ fuselage  TI. 
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(b)  The  RAAF  P-3C  and  AP-3C  wing  stress  sequences  in  Sections  4  to  7  were 
generated  using  the  P-3  SLAP  Database  Interface  and  Spectra  Sequencing  Tool 
(DBI/SST)  [18],  using  RAAF  mission  criteria,  the  Phase  IIC  loads  system  and 
Phase  IIB  FEM  SLRs.  This  is  the  case  for  all  spectra  except  for  the  sequences  used 
in  the  FAMS  analysis  at  FCA301  where  the  Phase  IIC  loads  system  with  revised 
touch-and-go  criteria  was  utilised.  The  revised  touch-and-go  criteria  were  found 
to  affect  the  FAMS  analysis  for  FCAs  inboard  of  WS  140  only.  Crack  growth 
analysis  was  not  significantly  affected.  These  RAAF  spectra  were  used  in  the 
DSTO  wing/fuselage  TI  and  for  the  coupon  tests  of  Section  9. 

(c)  The  RAAF  sequence  used  in  Section  8.2  for  both  the  coupon  tests  and  the  analysis 
work  was  created  by  L-M  sequence  development  software  and  initial  RAAF  P-3C 
usage  criteria  using  the  Phase  IIB  loads  system  and  Phase  II  FEM  SLRs. 

Further  details  regarding  stress  sequence  generation  may  be  found  in  [1],  [17],  [18]  and  [19]. 


3.3  Empennage  Spectra 

A  number  of  empennage  spectra  were  developed  as  part  of  the  P-3  SLAP.  The  FSFT  empennage 
stress  sequences  used  in  the  TI  and  this  report  were  created  by  factoring  bending  moments 
(generated  from  command  actuator  loads)  by  stress-to-load-ratios  (SLRs)  (generated  from 
measured  strain  gauge  data).  Conversely,  the  RAAF  P-3C  and  AP-3C  empennage  stress 
sequences  used  in  the  TI  and  this  report  were  created  using  the  P-3  SLAP  Phase  IIC  loads 
system.  Phase  IIB  FEM  SLRs  and  the  DBI/SST.  Further  details  may  be  found  in  [2],  [18]  and  [19]. 


3.4  Spectra  Properties 

Basic  properties  of  the  FSFT  and  RAAF  spectra  described  above  are  presented  in  Table  1  (from 
[1]  and  [2]).  Note  the  difference  in  landings  between  the  P-3C  and  AP-3C  spectra  which 
reflects  the  more  benign  AP-3C  spectra. 


Table  1:  B  asic  Spectra  P  roperties 


Spectrum 

Hours 

No.  of 
Missions 

Total  No. 
of 

Landings 

No.  of 
Touch  & 
Go's 

No.  of  Full 
Stop 

Landings 

No.  of 
Pressure 
Cycles 

FSFT* 

15,000 

4,401 

23,660 

14,767 

8,893 

7,165 

RAAF  P-3C 

15,292 

3,096 

11,234 

7,214 

4,020 

4,469 

RAAF  AP-3C 

15,370 

2,603 

5,808 

2,677 

3,131 

3,495 

*  Properties  apply  to  wing  and  empennage  FSFT  spectra 


Table  2  provides  the  properties  of  the  FSFT  and  RAAF  stress  sequences  for  each  FCA.  Figure  3 
to  Figure  10  provide  stress  exceedence  plots  for  each  FCA.  The  sequence  properties  and  the 
exceedence  plots  were  taken  from  the  TI  reports  of  [1]  and  [2], 
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T  able  2:  Stress  Sequence  Properties  for  each  PC  A 


FCA 

Spectrum 

Maximum  (psi) 

Minimum  (psi) 

No.  of  Lines 

Clipping  Levels 
(psi) 

FSFT 

31,160 

-5,518 

878,810 

- 

301 

RAAF  -  P-3C 

23,928 

-14,613 

2,280,432 

- 

RAAF  -  AP-3C 

25,142 

-14,788 

1,893,782 

- 

FSFT 

25,587 

-12,882 

864,482 

- 

351 

RAAF  -  P-3C 

20,102 

-20,000 

2,624,882 

-20,000 

RAAF  -  AP-3C 

19,991 

-20,000 

2,210,278 

-20,000 

FSFT 

26,511 

-11,368 

863,768 

- 

352 

RAAF  -  P-3C 

20,749 

-18,000 

2,657,862 

-18,000 

RAAF  -  AP-3C 

20,492 

-18,000 

2,242,944 

-18,000 

FSFT 

24,106 

-14,255 

845,248 

- 

361* 

RAAF  -  P-3C 

19,098 

-20,000 

2,599,194 

-20,000 

RAAF  -  AP-3C 

19,174 

-20,000 

2,192,770 

-20,000 

FSFT 

25,702 

-8,954 

824,112 

- 

375 

RAAF  -  P-3C 

19,190 

-17,000 

2,416,026 

-17,000 

RAAF  -  AP-3C 

20,415 

-17,000 

2,033,240 

-17,000 

FSFT  -  U041 

25,453 

-23,560 

438,980 

- 

FSFT  -  A041B 

25,295 

-23,412 

438,980 

- 

811-1 

FSFT  -  A041D 

27,828 

-25,756 

438,980 

+27,828 

-25,756 

RAAF  -  P-3C 

21,411 

-19,833 

701,260 

- 

RAAF  -  AP-3C 

21,304 

-19,735 

539,372 

- 

FSFT  -  U041 

22,931 

-21,225 

438,980 

- 

FSFT  -  A041B 

22,788 

-21,092 

438,980 

- 

811-2 

FSFT  -  A041D 

25,070 

-23,204 

438,980 

+25,070 

-23,204 

RAAF  -  P-3C 

19,289 

-17,868 

701,260 

- 

RAAF  -  AP-3C 

19,193 

-17,779 

539,372 

- 

FSFT  -  U041 

10,232 

-5,720 

647,210 

- 

FSFT  -  A041B 

10,232 

-5,718 

704,478 

- 

886 

FSFT  -  A041D 

15,351 

-9,149 

423,716 

+15,351 

RAAF  -  P-3C 

8,257 

-2,826 

3,414,144 

- 

RAAF  -  AP-3C 

8,235 

-3,531 

2,417,548 

- 

*  Sequences  for  this  FCA  used  in  the  EBA  and  coupon  tests  sections  only 
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FCA301 :  Outer  Wing  Lower  Front  Spar  at  WS  65 


Stress  (psi) 


Exceedance  Curves  for  FCA301 


FCA351 :  Outer  Wing  Front  Spar,  Lower  Spar  Cap  and  Web 


FSFT  -a-  RAAF  AP-3C  -m-  RAAF  P-3C 


Figure  4:  Exceedance  Curves  for  FCA351 
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FCA352:  Inboard  Engine  Nacelle,  Wing  Lower  Skin  @  WS156 


FSFT  -a-  RAAF  AP-3C  -m-  RAAF  P-3C 


Figure 5:  Exceedance  C urves  for  FCA  352 


FCA361 :  Outer  Wing  Lower  Front  Spar  Cap  and  Panels  at  WS  209 


FSFT  -a-  RAAF  AP-3C  RAAF  P-3C 


Figure  6:  Exceedance  Curves  for  FCA  361 
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FCA375:  Outer  Wing  Lower  Panel  3  -  Panel  2/3  Splice  at  WS  281 


— FSFT  —a—  RAAF  AP-3C  -»-RAAFP-3C 


Stress  (psi) 

Figure  7:  Exceedance  Curves  for  FCA375 


FCA811-1  Spectra  Exceedance  Plots 

FASTRAN  input  including  stress  factor  (1.11) 


— A— A041 B  — A041D  -#-AP-3C  -B-P-3C  -*-U041 


Stress  (psi) 


Figure  8:  Exceedance  Curves  for  FCA  811-1 
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FCA811-2  Spectra  Exceedance  Plots 

FASTRAN  input 


— A— A041B  — X— A041 D  -»-AP-3C  -»-P-3C  -K-U041 


Stress  (psi) 


ExceedanceCurvesforFCA811-2 


FCA886  Spectra  Exceedance  Plot 

FASTRAN  input  including  stress  factor  (1 .21 ) 


— A— A041B  — X— A041D  -A-AP-3C  -B-P-3C  -*-U041 


Stress  (psi) 

Figure  10:  Exceedance  Curves  for  FCA  886 
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4.  Test  Interpretation  Life  Calculations  Using  FAR  25 

4.1  FA  R  25  Safe  Life  and  D  amage  T olerance  Overview 

The  RAAF  chose  FAR  25.571  [7],  the  successor  of  CAR  4b,  as  the  airworthiness  standard 
against  which  to  interpret  the  P-3  SLAP  test  results  and  conduct  the  durability  and  damage 
tolerance  evaluation  of  the  structure  from  which  a  program  containing  the  necessary 
structural  inspection  and  modifications  and/  or  replacements  could  be  determined.  Guidance 
on  conducting  the  fatigue  and  damage  tolerance  analysis  (DTA)  was  taken  by  DSTO  from  the 
applicable  advisory  circular,  AC  25.571-1C  [8].  The  advisory  circular  provides  options  for  the 
determination  of  inspection  threshold  (either  by  crack  growth  from  a  small  initial  size  or  the 
application  of  a  factor,  generally  of  about  three,  on  demonstrated  test  life)  as  well  as 
requirements  for  the  treatment  of  fail-safe  and  non  fail-safe  structure.  The  method  chosen  for 
the  DSTO  analysis  used  the  factored  test  demonstrated  life  approach  and  combined  both 
fatigue  life  modelling  (strain-life  based  crack  'initiation'  to  a  nominal  crack  size  of  0.050  inches 
(1.27mm))  and  crack  growth  analysis  (classical  linear  elastic  fracture  mechanics)  in  a  'total  life' 
analysis  method.  Estimation  of  inspection  intervals  used  the  calculated  crack  growth  period 
from  detectable  size  to  the  maximum  permissible  size  under  the  residual  strength  criterion 
divided  by  a  suitable  factor.  The  factor  is  not  specified  in  [8]  but  a  value  of  two  was  chosen  in 
order  to  be  consistent  with  equivalent  US  military  standards.  The  method  of  conducting  the 
durability  and  damage  tolerance  analysis  and  interpreting  the  test  results  is  shown  in 
Figure  11  and  Figure  12. 


Figure  11:  Calculation  of  Inspection  Intervals  and  Thresholds  (from  [1]) 
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FCA  -  xxx 


4.1.1  Inspection  Threshold  and  Safe  Life 

For  the  calculation  of  inspection  threshold  for  multiple  load  path  fail  safe  structure  the  test 
demonstrated  life  option  from  AC  25.571-1C  (paragraph  k.(l)(l))  was  used  with  a  factor  of  3. 
For  single  load  path  or  non-fail  safe  structure  the  AC  25.571-1C  requires  an  inspection 
threshold  based  on  crack  growth  from  'an  initial  flaw  of  maximum  probable  size'.  Only  one 
FCA  was  defined  as  non-fail  safe  structure  in  the  DSTO  TI.  This  location  was  FCA163  from 
which  the  wing  test  finally  failed  catastrophically  under  the  residual  strength  load.  In  the 
DSTO  TI  process,  the  FAR  25-based  calculated  inspection  threshold  was  called  the  Safe  Life. 
The  safe  life  was  also  used  as  the  modification  or  replacement  point  for  the  component  or 
structure  in  the  subsequent  SMP  if  inspection  was  not  deemed  viable. 

4.1.2  Economic  Threshold 

As  well  as  the  inspection  threshold  determined  from  the  AC  25.571-1C  guidelines,  the  DSTO 
TI  process  also  calculated  an  'economic'  threshold.  The  'economic'  inspection  threshold  is 
defined  as  the  time  to  an  inspectable  crack  size  (hours  to  both  0.05"  and  0.12"  were  calculated) 
divided  by  a  factor  of  2.  This  'crack  initiation'  life  was  calculated  using  the  FAMS  program  [5] 
and  the  factor  of  2  represents  an  approximate  1/40  probability  (assuming  a  standard 
deviation  of  0.11).  This  threshold  provided  a  value  in  airframe  hours  in  which  no  more  than 
one  wing  in  the  RAAF  fleet  of  20  aircraft  could  be  expected  to  have  a  crack  larger  than  0.05  or 
0.12"  and  provided  the  RAAF  an  opportunity  to  set  an  inspection  threshold  that  avoided  large 
and  difficult  to  repair  cracks  being  found.  In  the  development  of  the  SMP  this  threshold 
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option  was  not  taken  up  by  the  RAAF.  However  it  is  included  here  in  order  to  provide  a 
comparison  with  the  AC  25.571-1C  safe  life  approach. 

4.1.3  Inspection  Interval 

The  inspection  interval  was  defined  as  the  time  from  the  inspectable  crack  size  Undi  to 
component  failure  (at  acrit)  divided  by  2  to  allow  two  opportunities  of  finding  a  crack  prior  to 
failure.  This  crack  growth  life  was  calculated  utilising  the  FASTRAN  program  [5].  Two  values 
of  undi  were  used,  0.050"  and  0.12",  representing  bolt  hole  eddy  current  and  surface  scan 
eddy  current  techniques  respectively. 

4.2  Results 

A  summary  of  the  life  calculations  from  the  DSTO  wing/fuselage  and  empennage  TI  reports 
[1,2]  for  the  selected  locations  are  provided  in  this  section  in  Tables  3  tolO.  The  results  are 
presented  exactly  as  they  are  presented  in  [1,2]  and  these  references  should  be  consulted  for 
further  explanation.  As  per  Section  4.1,  the  total  life  (TL)  can  be  re-calculated  by  adding  the 
time  to  initiation  Hmit  (also  labled  tmit)at  a=0.05"  to  the  crack  growth  life  from  aNDi  =  0.050" 
(labled  as  tcG).  The  structural  configuration  of  the  RAAF  fleet  and  the  various  fatigue  tests 
were  identical  at  the  part  number  level  of  all  critical  locations,  however  for  one  empennage 
location,  FCA  886,  manufacturing  tolerances  produced  a  different  radius  at  the  critical  detail 
for  the  DSTO  empennage  test  and  the  L-M  empennage  test  and  so  different  test  results 
eventuated. 

4.2.1  FCA301-WEB-4 


Table3:  Summary  of  lives  for  FCA301-WEB-4 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/ 2 
(AFHRS) 

Total  Life 

tinit+tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

a  =  0.05 

a  =  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT 

4,948 

6,148 

13,430 

12,230 

36,756 

12,252 

RAAF  AP-3C 

5,450 

6,800 

4,672 

2,868 

20,245 

6,748 

RAAF  P-3C 

4,050 

4,650 

3,992 

2,967 

16,084 

5,361 
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4.2.2  FCA351-CDN-2 


Table4:  Summary  of  lives  for  FCA351-CDN  -2 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/ 2 
(AFHRS) 

Total  Life 

tinifHcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

a  =  0.05 

a  =  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT 

9,678 

10,968 

3,395 

2,291 

26,147 

8,716 

RAAF  AP-3C 

14,500 

16,000 

5,722 

3,593 

40,443 

13,481 

RAAF  P-3C 

10,000 

11,000 

4,120 

2,437 

28,241 

9,414 

4.2.3  FCA352-PDN-1 


Table5:  Summary  of  lives  for  FCA352-PDN-1 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/ 2 
(AFHRS) 

Total  Life 

tinif+tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

a  =  0.05 

a  =  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT 

7,531 

8,344 

1,733 

920 

18,529 

6,176 

RAAF  AP-3C 

12,500 

13,750 

2,806 

1,617 

30,612 

10,204 

RAAF  P-3C 

9,000 

9,500 

1,978 

1,042 

21,956 

7,319 

4.2.4  FCA375-PSS-2 


Table  6:  Summary  of  lives  for  FCA375-PSS-2 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/ 2 
(AFHRS) 

Total  Life 

tinif+tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

a  =  0.05 

a  =  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT 

7,241 

11,612 

25,780 

21,409 

66,042 

22,014 

RAAF  AP-3C 

9,800 

14,900 

7,708 

5,107 

35,016 

11,672 

RAAF  P-3C 

7,500 

10,300 

5,980 

4,222 

26,959 

8,986 

4.2.5  FCA811-1  and -2 

The  calculation  of  inspection  intervals  and  thresholds  for  the  empennage  locations  was  not  as 
straight  forward  as  for  the  wing  locations.  DSTO  needed  to  develop  crack  growth  stress 
intensity  factors  with  the  help  of  detailed  FEMs  (Figure  13  is  an  example)  and  the  translation 
between  spectra  was  complicated  by  the  various  augmented  loads  sequences.  See  Figure  14 
for  the  effect  on  crack  growth  and  Figure  15  for  the  determination  of  test  demonstrated  Kn  for 
FCA811-2  as  examples. 
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Figure  13:  Finite E lement  M  odel  of  FCA  811-2  at  Front  Spar  Cap  R adius  Runout 


FCA811-2  Crack  Growth  Analysis 

- A041D - A041B - P-3C  1 


Figurel4:  Crack  Growth  Curves  for  D  ST 0  Empennage  Spectra 
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FCA811-2  Crack  Initiation  Life  curves  (ainit  =  0.050") 


— A— A041B  — X— A041D  -B-P-3C 


Figurel5:  Crack  Initiation  Plot  for  DSTO  Empennage  Spectra  (FCA811-2  example) 


The  results  for  FCA811-1  are  in  table  7.  For  FCA811-2,  see  table  8,  the  critical  crack  size  under 
design  limit  load  was  0.12"  and  so  inspection  intervals  for  aNDi=0.12"  are  not  calculated. 


Table  7:  FCA  811-1  Summary  ofTI  analysis  results  in  factored  flight  hours 


Factored  A FHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/2 
(AFHRS) 

Total  Life 

tinif+tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

3init  0.05 

ainit  -  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT  -  A041B 

15,000 

40,000 

133,027 

49,329 

296,053 

98,684 

FSFT  -  A041D 

2,800 

8,600 

8,096 

2,824 

21,792 

7,264 

FSFT  -  U041 

14,600 

39,200 

128,579 

47,943 

286,357 

95,452 

RAAF  P-3C 

39,250 

100,000 

332,785 

123,823 

744,070 

248,023 

RAAF  AP-3C 

46,250 

119,000 

317,074 

116,010 

726,647 

242,216 
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T able 8:  FCA  811-2  Summary  of  T I  analysis  results  in  factored  flight  hours 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/ 2 
(AFHRS) 

Total  Life 

tinit~*"tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

ainit  =  0.05 

ainit  -  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT  -  A041B 

32,500 

45,818 

48,979 

0 

162,958 

54,319 

FSFT  -  A041D 

7,000 

9,870 

3,125 

0 

20,251 

6,750 

FSFT  -  U041 

32,000 

44,850 

47,769 

0 

159,537 

53,179 

RAAF  P-3C 

81,000 

115,000 

100,533 

0 

363,066 

121,022 

RAAF  AP-3C 

97,000 

138,000 

100,620 

0 

395,239 

131,746 

4.2.6  FCA886 

The  results  for  FCA  886,  for  the  L-M  and  DSTO  test  configurations  are  given  in  tables  9  and  10 
respectively. 


T  able  9:  FCA  886  Summary  of  analysis  results  in  factored  flight  hours,  L-M  test  configuration 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/ 2 
(AFHRS) 

Total  Life 

tinit~*~tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

ainit  0.05 

ainit  =  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT  -  A041B 

12,000 

16,500 

12,755 

9,675 

49,510 

16,503 

FSFT  -  A041D 

2,750 

4,100 

2,770 

2,013 

11,040 

3,680 

FSFT  -  U041 

5,500 

6,865 

5,461 

4,096 

21,921 

7,307 

RAAF  P-3C 

13,000 

22,500 

13,957 

10,261 

53,913 

17,971 

RAAF  AP-3C 

20,000 

35,000 

23,047 

16,759 

86,093 

28,698 

Table  10:  FCA  886  Summary  of  analysis  results  in  factored  flight  hours,  DSTO  test  configuration 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/ 2 
(AFHRS) 

Total  Life 

tinit+tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

ainit  0.05 

ainit  -  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT  -  A041B 

103,000 

- 

12,755 

9,675 

231,510 

77,170 

FSFT  -  A041D 

16,750 

- 

2,770 

2,013 

39,040 

13,013 

FSFT  -  U041 

57,500 

- 

5,461 

4,096 

125,921 

41,974 

RAAF  P-3C 

240,000 

- 

13,957 

10,261 

507,913 

169,304 

RAAF  AP-3C 

380,000 

- 

23,047 

16,759 

806,093 

268,698 
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5.  Life  Calculations  Using  Def  Stan  00-970 

5.1  Fatigue  Evaluation  Requirements 

Def  Stan  00-970  [9]  was  developed  primarily  for,  and  draws  experience  from,  single  load  path, 
compact,  generally  uninspectable  structures  that  are  typical  of  fighter  type  aircraft.  The 
primary  tenet  of  the  standard  for  fatigue  evaluation  is  that  a  safe  life  is  firstly  calculated  for  all 
features  deemed  susceptible  to  fatigue.  For  new  aircraft  the  standard  requires  that  the  safe  life 
normally  at  least  equal  the  'specified  life'  (i.e.  planned  in-service  life).  Materials  selected  shall 
have  a  good  tolerance  to  damage,  and  damage  tolerance  evaluations  need  to  be  carried  out  if  a 
component  is  vulnerable  to  damage  during  service.  Inspectable  components  may  remain  in 
service  beyond  their  safe  life  if;  (a)  the  presence  of  cracks  can  be  identified  with  confidence 
(i.e.  the  component  is  inspectable  for  the  types  of  cracking  that  are  of  concern)  and 
(b)  inspection  intervals  are  set  to  provide  three  chances  of  inspection  prior  to  residual  strength 
limits  being  breached.  Residual  strength  limit  is  normally  1.2  DLL  but  can  be  reduced  to 
1.0  DLL  for  particular  examples  where  DLL  is  an  extreme  case.  Leaflet  35  of  Volume  1  of  [9] 
states  that  safe  life  scatter  factors  are  a  minimum  of  3.33  on  life.  Other  factors  related  to  test 
spectrum  representivity  and  loads  monitoring  are  also  described.  For  features  with  relatively 
high  variability,  tests  must  be  underpinned  by  additional  evidence  such  as  analysis  and 
inspections.  Construction  and  use  of  safe  S-N  curves  is  central  to  the  assessment  of 
compliance. 

5.1.1  Safe  Life  Calculation  using  Safe  S-N 

Def  Stan  00-970  Leaflet  35  describes  the  safe  S-N  approach  that  may  be  used  to  calculate  safe 
lives.  The  safe  S-N  method  makes  allowance  for  the  increase  in  scatter  that  occurs  with 
increasing  life  by  factoring  a  mean  S-N  curve  by  life  and  stress  factors  and  then  combining  the 
two  resulting  curves  into  a  safe  S-N  curve  which  is  then  used  as  the  'working'  curve  for 
fatigue  design  and  evaluation.  The  safe  curve  must  take  the  same  shape  as  the  mean  curve.  It 
must  begin  at  the  safe  static  yield  strength,  retain  the  life  factor  as  long  as  possible,  and  then 
transition  to  the  stress  factored  curve  by  approximately  5xl06  cycles.  The  leaflet  describes  a 
qualitative  approach  to  producing  the  safe  curve  but  numerical  approaches  may  also  be  used. 
Further  guidance  on  the  safe  S-N  method  including  the  selection  of  appropriate  life  and  stress 
factors  may  be  found  in  Leaflet  35.  The  mean  S-N  curves  should  be  generated  from 
representative  element  tests  under  constant  amplitude  loading  to  represent  each  of  the 
features  where  failure  may  occur.  The  factors  of  2.8  on  (geometric)  life  and  1.49  on  stress 
(mean  fatigue  limit)  are  commonly  used  in  order  to  provide  an  equivalent  to  the  fixed  factor 
of  3.3  used  for  1/1000  probability  of  failure.  However,  other  factors  may  be  used  for  different 
probabilities  if  desired,  see  for  example  Figure  16. 


23 


DSTO-TR-2418 


Figure  1  Safe  S-N  and  "Factor  2  Equivalent"  (95%  S-N)  Curves  for  Pinned  Lug  of  Def  Stan  00-970 


ENDURANCE  (CYCLES) 

Mean  Life  - Safe  Life  - 95%  S-N  Life 


Figure  16:  Example  M  ean,  Safe  and  'Factor  2  Equivalent'  Curves 

DSTO  has  developed  a  template  with  an  underlying  numerical  procedure  for  the  creation  of 
safe  S-N  curves  from  mean  S-N  curves  which  will  be  described  in  [4]  when  published.  This 
report  also  outlines  the  procedure  for  performing  a  safe  S-N  analysis  which  initially  involves 
selecting  an  appropriate  mean  S-N  curve  that  is  representative  of  the  critical  location  of 
interest.  The  relevant  stress  sequence  is  then  scaled  iteratively  until  its  damage  (using  Miner's 
Rule  with  the  mean  S-N  curve)  is  equivalent  to  a  (for  example)  test  demonstrated  failure  time. 
The  safe  S-N  curve  may  then  be  used  with  the  scaled  sequence  to  determine  the  safe  life.  In 
the  safe  life  results  which  follow,  the  FSFT  total  lives  provided  in  Section  4.2  were  used  as  the 
failure  times  to  which  the  FSFT  sequences  were  scaled.  Once  the  scaling  factors  were 
determined,  mean  and  safe  lives  were  calculated  for  the  FSFT  and  RAAF  P-3C  sequences  at 
each  FCA. 

Mean  and  safe  S-N  curves  have  been  generated  for  7075-T6  aluminium  sheet  notched  coupons 
with  stress  concentration  factors  of  2  and  4  (from  [9]).  Curves  were  also  developed  for  a  low- 
load  transfer  joint  specimen  made  from  7010-T7651  aluminium.  These  mean  and  safe  S-N 
curves  are  shown  in  Figure  17. 
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Comparison  of  Weibull  Mean/Safe  SN  Curves  for  R=-1 


Number  of  Cycles  (N) 

Figurell:  Mean  andSafeS-N  Curves  for  D  ifferent  Kt  Features 

5.1.2  Inspection  Threshold 

According  to  Leaflet  36  of  [9],  the  time  to  first  inspection  or  inspection  threshold  is  normally 
equivalent  to  the  safe  life.  Therefore,  the  calculation  of  Safe  Life  using  the  Safe  S-N  approach 
in  this  section  will  be  used  as  the  inspection  threshold  under  the  Def  Stan  00-970  approach. 

5.1.3  Inspection  Interval 

Again  according  to  Leaflet  36,  the  inspectable  life  is  the  time  of  crack  growth  from  a  detectable 
crack  size  to  a  maximum  acceptable  size.  The  inspection  interval  is  then  the  inspectable  life 
divided  by  a  factor  of  three  (assuming  monitored  structure).  Figure  18,  taken  from  [9]  shows 
this  concept  in  graphical  form.  For  this  work  in  this  report  the  detectable  crack  size  is  taken 
from  the  P-3  SLAP  TI  definition  of  0.05"  based  on  the  performance  of  a  bolt-hole  eddy  current 
inspection.  The  selection  of  maximum  acceptable  crack  size  under  Def  Stan  00-970  must  take 
into  account  the  considerations  listed  in  Paragraph  5.3  of  Leaflet  36,  including  onset  of  rapid 
crack  growth,  the  maximum  acceptable  repair  size  or  the  loss  of  pressure  or  leakage.  These 
considerations  are  satisfactorily  covered  by  the  'obvious  partial  failure  under  limit  load' 
criteria  from  AC  25.571-1C  used  in  the  P-3  SLAP  TI  work  and  so  the  maximum  acceptable 
crack  size  used  with  the  Def  Stan  00-970  based  methodology  is  equivalent  to  the  critical  crack 
size  calculated  in  the  P-3  SLAP  TI  reports.  Note  that  the  critical  crack  sizes  were  calculated  at 
1.0  x  DLL  but  remain  acceptable  under  Def  Stan  00-970  in  this  case  as  DLL  is  an  extreme  event 
for  the  P-3.  Therefore,  based  on  these  considerations,  the  inspection  intervals  may  be 
calculated  from  the  P-3  SLAP  TI  crack  growth  lives  provided  in  Section  4.2,  (ie  the  P-3  SLAP 
TI  results  obtained  from  using  FASTRAN  and  the  full  scale  test  results)  divided  by  three. 
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Inspectable  life 


Undetectable  period  - 


Figure  18:  DefStan  00-970  Inspection  Intervals  (from  [9]) 

5.2  Results 


For  the  wing  and  empennage  FCAs  Table  11  and  Table  12  respectively  provide  the  mean  and 
safe  lives  for  the  FSFT  and  RAAF  P-3C  sequences  based  on  the  TI  calculated  total  lives  derived 
from  the  FSFT.  The  safe  lives  are  also  equivalent  to  the  inspection  thresholds  for  inspectable 
structure.  For  each  FCA  the  calculations  of  safe  life  used  two  alternate  safe  curves  in  order  to 
compare  the  results  from  two  S-N  curves  that  could  be  considered  representative  of  the 
feature.  The  safe  curve  that  requires  the  smallest  scaling  on  stress  would  be  considered  the 
most  applicable;  however  of  interest  is  that  the  safe  life  results  produced  from  the  different 
stress-life  curves  produced  quite  similar  lives,  the  biggest  difference  being  25%  for  FCA301. 

Note  that  the  empennage  FCAs  used  the  A041B  FSFT  sequence  to  determine  the  scaling  factor. 
Also  note  that  the  FSFT  mean  hours  shown  in  the  tables  below  may  not  exactly  equal  the  total 
lives  of  Section  4.2  because  of  a  lack  of  precision  in  the  scaling  factor. 


The  inspectable  lives  and  resulting  inspection  intervals  are  shown  in  Table  13  and  Table  14  for 
each  FCA  and  sequence. 

Table  11:  Mean  and  Safe  Lives  based  on  Total  Lives  -  Wing  FCAs 


FCA 

Kt 

Scaling 

FSFT  Lives  (Hrs) 

RAAF  P-3C 

Lives  (Hrs) 

Config. 

Factor 

Mean 

Safe 

Mean 

Safe 

301 -WEB-4 

4.0 

1.5238 

36,756 

5,638 

78,300 

12,026 

301-WEB-4 

LLTJ 

1.9291 

36,756 

7,546 

84,746 

15,909 

351-CDN-2 

2.0 

2.2605 

26,147 

6,379 

90,629 

19,412 

351-CDN-2 

4.0 

1.4291 

26,147 

5,899 

97,020 

18,599 

352-PDN-l 

2.0 

2.3743 

18,530 

4,065 

72,720 

15,327 

352-PDN-l 

4.0 

1.5091 

18,530 

4,142 

78,241 

15,021 

375-PSS-2 

4.0 

1.3701 

66,041 

12,724 

294,302 

47,201 

375-PSS-2 

LLTJ 

1.8882 

66,043 

14,810 

218,160 

45,884 
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Table  12:  Mean  and  Safe  Lives  based  on  Total  Lives  -  EmpennageFCAs 


FCA 

Kt 

Config. 

Scaling 

Factor 

A041B  Lives  (Hrs) 

A041D  Lives  (Hrs) 

RAAF  P-3C  Lives 
(Hrs) 

Mean 

Safe 

Mean 

Safe 

Mean 

Safe 

811-1 

4.0 

1.2137 

296,048 

41,581 

16,162 

3,208 

1,463,781 

206,564 

811-1 

LLTJ 

1.5578 

296,167 

45,634 

24,662 

6,195 

1,510,287 

212,724 

811-2 

2.0 

2.1646 

162,957 

23,614 

9,644 

1,981 

763,106 

118,651 

811-2 

4.0 

1.3263 

162,955 

24,568 

9,461 

2,012 

813,933 

121,990 

886  -  US 

4.0 

4.0397 

49,510 

8,171 

1,971 

447 

286,738 

34,306 

886  -  Aus 

4.0 

3.2694 

231,512 

30,476 

8,381 

1,693 

1,692,703 

142,475 

Tablel3:  I nspectable Lives  and  Inspection  Intervals  -  Wing  FCAs 


FCA 

FSFT  (Hours) 

RAAF  P-3C  (Hours) 

Insp.  Life 

Interval 

Insp.  Life 

Interval 

301 -WEB-4 

26,860 

8,953 

7,984 

2,661 

351-CDN-2 

6,790 

2,263 

8,240 

2,747 

352-PDN-l 

3,466 

1,155 

3,956 

1,319 

375-PSS-2 

51,560 

17,187 

11,960 

3,987 

Tablel4:  I  nspectable  Lives  and  Inspection  Intervals  -  EmpennageFCAs 


FCA 

A041B  (Hours) 

A041D  (Hours) 

RAAF  P-3C  (Hours) 

Insp.  Life 

Interval 

Insp.  Life 

Interval 

Insp.  Life 

Interval 

811-1 

266,054 

88,685 

16,192 

5,397 

665,570 

221,857 

811-2 

97,958 

32,653 

6,250 

2,083 

201,066 

67,022 

886  -  US 

25,510 

8,503 

5,540 

1,847 

27,914 

9,305 

886  -  Aus 

25,510 

8,503 

5,540 

1,847 

27,914 

9,305 
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6.  Life  Calculations  Using  JSSG  2006 

6.1  JSSG  Durability  and  Damage  Tolerance  Overview 

The  United  States  DoD  Joint  Service  Specification  Guide  JSSG  2006  [10]  covers  all  aspects  of 
military  aircraft  structures  including  structural  strength  and  durability.  This  specification 
guide  replaces  the  USAF  Guide  Specification  AFGS-87221 A  and  the  USN  MIL-S-8000  series  of 
requirements  for  fatigue  design  and  evaluation.  The  result  is  that  both  the  USAF-originated 
damage  tolerance  approach  and  the  USN  safe  life  approach  are  included  in  the  Guide.  The 
flexibility  in  JSSG  2006  seems  to  be  such  that  it  allows  USAF  and  US  Navy  to  continue  to  take 
their  preferred  but  different  approaches. 

Airframe  lifing  under  JSSG  2006  follows  a  durability  and  damage  tolerance  approach.  The  guide 
specification  provides  a  mixture  of  both  design  requirements  and  in-service  management 
(inspection  thresholds  and  intervals)  requirements.  Ideally  all  primary  and  secondary  structure 
should  possess  sufficient  durability  to  meet  the  design  service  life  of  the  aircraft.  Durable 
structure  does  not  preclude  cracking,  but  it  must  resist  fatigue  cracking  throughout  its  service 
life  to  prevent  adverse  safety,  economic,  operational  and  maintenance  costs.  A  durability  limit 
may  be  determined  through  fatigue  life  analysis  with  a  scatter  factor,  or  via  fracture  mechanics 
where  a  typical  initial  flaw  (i.e.  0.01"),  should  not  grow  to  a  crack  length  which  would  result  in 
functional  impairment  in  two  lifetimes.  A  complete  airframe  durability  test  should  be 
performed  to  demonstrate  the  structure  meets  the  required  service  life.  Durability  testing  should 
occur  for  two  lifetimes  under  a  severe  spectrum  followed  by  inspections  of  critical  structure.  If 
structural  anomalies  occur  within  two  lifetimes  of  testing,  then  the  deficient  structure  should 
either  be  modified  or  managed  under  a  safety  by  inspection  program. 

The  durability  limit  is  not  utilised  to  set  the  in-service  inspection  requirements.  A  damage 
tolerance  analysis  (DTA)  should  be  undertaken  for  all  safety  of  flight  structure  as  'USAF 
experience  has  shown  that  designing  a  durable  structure  is  not  sufficient  to  ensure  safety  of 
flight'  [10].  The  damage  tolerance  capability  of  the  airframe  should  be  sufficient  for  the  life  of 
the  aircraft  and  the  structure  should  also  possess  adequate  residual  strength  in  the  presence  of 
flaws  for  specified  periods  of  service  usage.  All  safety  of  flight  structure  should  be  classified 
as  either  slow  crack  growth  or  fail-safe.  Single  load  path  structure  without  crack  arrest 
features  is  classed  as  slow  growth  structure.  Structure  with  multiple  load  paths  and  crack 
arrest  features  may  be  classed  as  either  slow  crack  growth  or  fail-safe.  Inspection  intervals  are 
normally  half  the  minimum  period  of  safe  unrepaired  service  usage  depending  on  the 
inspectability  of  the  structure.  The  calculation  of  inspection  intervals  for  slow  growth 
structure  is  different  to  fail-safe  structure  for  which  the  additional  growth  in  the  adjacent 
element  may  also  be  included.  One  lifetime  of  damage  tolerance  testing  using  a  baseline 
spectrum  should  be  performed  to  verify  crack  growth  rate  predictions  and  a  structural 
teardown  and  inspection  should  occur  at  the  end  of  such  testing. 

6.2  USAF  Approach 

The  USAF  typically  derive  their  in-service  management  actions  from  the  crack  growth-only 
approach  set  out  under  JSSG  2006  Section  A3.12  Damage  Tolerance. 
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6.2.1  Inspection  Thresholds  and  Intervals 

The  P-3  critical  areas  examined  in  this  report  are  categorised  as  multiple  load  path  with  crack 
arrest  features  and  so  could  be  designated  as  slow  crack  growth  structure  or  fail-safe  structure. 
Fail  safe  structure  allows  the  calculation  of  crack  growth  time  from  initial  flaw  to  the  crack  growth 
limit  to  include  a  period  of  crack  growth  in  an  adjacent  member  after  failure  of  the  primary 
member.  Just  how  much  time  is  allowed  for  growth  in  the  secondary  member  depends  upon 
whether  the  structure  is  classified  under  JSSG  rules  as  multiple  load  path  dependent  structure, 
multiple  load  path  independent  structure  or  crack  arrest  structure  and  is  a  result  of  different  flaw 
size  requirements  and  allowable  degrees  of  inspectability.  Figure  19  provides  a  diagram  showing 
the  calculation  of  crack  growth  for  fail-safe  multiple  load  path  dependent  structure. 


EnLlbl  iMfKnliih  n  Vj  initial  naf*iy  limit 

Figurel9:  Inspection  Threshold  and  Crack  Growth  for  Fail-Safe  M  ultiple  Load  Path  Dependent 
Structure,  from  JSSG  2006  [10]. 

For  the  P-3  wing,  the  evidence  from  the  P-3  SLAP  TI  supporting  work  was  that  any  growth 
time  post  the  failure  of  the  primary  element  was  insignificant  compared  to  the  total  crack 
growth  time.  So  for  the  same  reasons  used  in  the  TI,  i.e.  avoiding  unnecessary  complication, 
and  avoiding  the  possibility  of  large  multi-element  cracks,  the  damage  growth  limits  in  this 
analysis  are  again  restricted  to  the  failure  of  the  primary  element.  Consequently,  under  JSSG 
2006  the  inspection  intervals  were  calculated  using  a  slow  crack  growth  approach.  The  initial 
flaws  sizes  are  taken  from  Table  XXX  'Initial  Flaw  Assumptions'  of  JSSG  2006  to  be  a  0.05" 
corner  flaw  from  a  hole  for  all  FCAs  except  FCA811-2  and  FCA886,  where  a  semicircular 
surface  flaw  with  a  depth  of  0.12"  was  assumed  (an  approximation  as  JSSG  actually  calls  for  a 
0.125"  deep  flaw).  The  crack  growth  intervals  (again  taken  from  Section  4.2  and  originating 
from  the  DSTO  P-3  SLAP  TI  and  using  FASTRAN)  from  aimt  to  acrit  were  divided  by  2  and  the 
results  are  presented  in  Table  15  for  each  FCA. 
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In  the  standard  USAF  approach,  the  inspection  interval  for  slow  growth  structure  is  also  the 
time  of  the  first  inspection;  see  A3.12.2.C  and  A.3. 12.2.1  of  [10].  For  FCA811-2  there  are  no 
inspection  intervals  in  Table  15  as  acrit  =  0.12",  ie  the  starting  crack  size  in  Figure  14  is  the  same 
size  as  the  critical  crack  size.  If  a  DTA  had  been  conducted  as  part  of  the  aircraft  design  it 
could  have  been  expected  to  lead  to  a  re-design  of  the  part.  For  in-service  structural  integrity, 
this  location  therefore  cannot  be  managed  via  a  standard  USAF  DTA  approach  unless  an  andi 
less  than  0.12"could  be  justified.  In  this  example,  the  location  is  in  fact  difficult  to  inspect  but 
might  be  amenable  to  eddy  current  inspection  with  a  smaller  andi. 

6.2.2  Results 

The  resulting  inspection  thresholds  and  recurring  intervals  using  the  USAF  approach  in  JSSG 
2006  are  given  in  Table  15. 

Table  15:  JSSG  2006  (U SAF  Approach)  Inspection  Thresholds  and  Intervals 


FCA 

Sequence 

Crack  Growth 

dinit  tO  acrit 

(AFHRS) 

Inspection 

Threshold 

(AFHRS) 

Inspection 

Interval 

(AFHRS) 

FSFT 

26,860 

13,430 

13,430 

301 -WEB-4 

RAAF  AP-3C 

9,344 

4,672 

4,672 

RAAF  P-3C 

7,984 

3,992 

3,992 

FSFT 

6,790 

3,395 

3,395 

351-CDN-2 

RAAF  AP-3C 

11,444 

5,722 

5,722 

RAAF  P-3C 

8,240 

4,120 

4,120 

FSFT 

3,466 

1,733 

1,733 

352-PDN-l 

RAAF  AP-3C 

5,612 

2,806 

2,806 

RAAF  P-3C 

3,956 

1,978 

1,978 

FSFT 

51,560 

25,780 

25,780 

375-PSS-2 

RAAF  AP-3C 

15,416 

7,708 

7,708 

RAAF  P-3C 

11,960 

5,980 

5,980 

FSFT  A041B 

266,054 

133,027 

133,027 

811-1 

FSFT  A041D 

16,192 

8,096 

8,096 

RAAF  AP-3C 

634,148 

317,074 

317,074 

RAAF  P-3C 

665,570 

332,785 

332,785 

FSFT  A041B 

0 

0 

0 

811-2 

FSFT  A041D 

0 

0 

0 

RAAF  AP-3C 

0 

0 

0 

RAAF  P-3C 

0 

0 

0 

FSFT  A041B 

19,350 

9,675 

9,675 

886  -  USN 

FSFT  A041D 

4,026 

2,013 

2,013 

RAAF  AP-3C 

33,518 

16,759 

16,759 

RAAF  P-3C 

20,522 

10,261 

10,261 

FSFT  A041B 

19,350 

9,675 

9,675 

886  -  Aus 

FSFT  A041D 

4,026 

2,013 

2,013 

RAAF  AP-3C 

33,518 

16,759 

16,759 

RAAF  P-3C 

20,522 

10,261 

10,261 
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6.3  USN  Approach 

The  USN  approach  traditionally  determines  life  based  on  the  time  to  initiate  a  0.010"  crack. 
This  crack  initiation  time  is  then  factored  by  two  to  derive  the  safe  life.  This  approach  was 
used  by  L-M  for  their  test  interpretation  work  for  the  USN.  The  safe  life  is  then  given  a  value 
of  1  or  100%  of  a  Fatigue  Life  Index  in  an  Individual  Aircraft  Tracking  (I AT)  system.  For  the 
P-3  SLAP  the  USN  subsequently  departed  from  their  traditional  IAT  approach  by  adopting  a 
TLI  or  Total  Life  Index  approach  using  FASTRAN  as  the  life  calculation  tool. 

In  this  section,  safe  lives  are  calculated  for  the  P-3  wing  FCAs  only.  The  determination  of  the 
crack  initiation  life  at  0.010"  follows  the  same  process  as  employed  in  the  wing/fuselage  TI 
report  [1]  to  calculate  the  0.05"  crack  initiation  life.  Table  16  summarises  the  0.010"  crack 
initiation  lives  and  associated  Kn  values  at  each  FCA  for  the  FSFT  spectrum.  Note  that  the  FSFT 
defect  information  in  Table  16  are  from  Appendix  A,  the  FASTRAN  lives  were  obtained  from 
crack  growth  curves  provided  in  [1],  while  the  Kn  values  were  determined  from  FAMS  fatigue 
life  curves  also  provided  in  [1].  The  RAAF  crack  initiation  lives  (determined  from  the  FAMS 
fatigue  life  curves  of  [1]  at  the  appropriate  Kn  value)  and  resulting  safe  lives  are  provided  in 
Table  17.  The  inspection  intervals  determined  under  the  USN  approach  are  consistent  with  the 
method  used  by  the  USAF,  see  Table  15  and  therefore  will  not  be  separately  listed. 


Table  16:  Determination  of  the  Test  Demonstrated  KN  (Kn-td)  for  0.010" 


FCA 

FSFT 

FASTRAN 

FSFT 

Kn-td 

SFHRS  Defect 
Found  (ttest) 

Crack  Size 
when  found 

ta=test 

ta=0.010 

AtFASTRAN- Attest 
(ta=test“ta=0.01o) 

ta  =  0.010 
(ttest  -  Attest) 

301 -WEB-4 

38,000 

0.941 

41,127 

9,813 

31,314 

6,686 

6.56 

351-CDN-2 

22,613 

0.15 

22,245 

15,217 

7,028 

15,585 

4.68 

352-PDN-2 

16,785 

0.13 

5,656 

1,227 

4,429 

12,356 

4.92 

375-PSS-2 

48,988 

0.478 

49,157 

6,101 

43,056 

5,932 

6.43 

Table  17:  JSSG  2006  (USN  A pproach)  Inspection  Thresholds  (Safe Life) 


FCA 

Sequence 

Life  at  0.01" 
(AFHRS) 

Safe  Life 
(AFHRS) 

FSFT 

6,686 

3,343 

301 -WEB-4 

RAAF  AP-3C 

7,850 

3,925 

RAAF  P-3C 

5,900 

2,950 

FSFT 

15,585 

7,793 

351-CDN-2 

RAAF  AP-3C 

23,700 

11,850 

RAAF  P-3C 

16,600 

8,300 

FSFT 

12,356 

6,178 

352-PDN-l 

RAAF  AP-3C 

20,500 

10,250 

RAAF  P-3C 

15,300 

7,650 

FSFT 

5,932 

2,966 

375-PSS-2 

RAAF  AP-3C 

9,450 

4,725 

RAAF  P-3C 

7,850 

3,925 
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7.  Life  Calculations  Using  Probability  Analysis 

7.1  Probability  Analysis  Overview 

Many  of  the  initial  inspection  thresholds  calculated  in  the  DSTO  P-3  wing/ fuselage  TI  report 
[1]  were  considered  overly  conservative.  This  assessment  was  based  on  known  conservatism 
built  into  the  TI  process  (i.e.  the  use  of  the  most  severe  failure  on  either  the  left  hand  or  right 
hand  wing  as  a  peg  for  the  subsequent  average  life  analysis)  and  the  smaller  number  of  cracks 
than  expected  that  were  subsequently  found  in  fleet  aircraft  which  had  over-flown  the 
calculated  thresholds.  An  opportunity  was  therefore  identified  to  extend  the  inspection 
thresholds  in  the  P-3  SMP  [3]  and  give  relief  to  the  RAAF  P-3  fleet.  Given  the  considerable 
amount  of  P-3  fleet  inspection  data  available,  a  probabilistic  approach  described  in  [14]  was 
deemed  a  suitable  method  for  threshold  extension. 

The  probabilistic  approach  was  simplistic  in  its  methodology  as  it  assumed  the  fleet 
inspection  findings  (in  terms  of  AFHRS)  are  log-normally  distributed,  and  that  the  aircraft 
inspected  are  a  representative  sample  of  the  fleet.  From  this  information  it  was  then  possible 
to  determine  the  probability  of  cracking  in  the  fleet.  Furthermore,  if  the  relative  severity 
between  two  fleets,  fleet  A  and  fleet  B,  is  known,  then  it  is  possible  to  calculate  the  probability 
of  cracking  versus  AFHRS  for  fleet  B  from  the  data  from  fleet  A. 

Care  must  be  taken  in  this  method  to  ensure  that  aircraft  whose  usage  is  significantly  different 
to  the  fleet  average  are  not  allowed  to  skew  the  analysis.  Isolated  aircraft  that  have  flown  an 
overly  severe  mission  mix  (i.e.  test  flight  aircraft)  or  benign  mission  mix  (i.e.  solely  VIP  flying) 
should  be  (and  were)  excluded  from  the  analysis. 

From  the  fleet  inspection  data  the  percentage  of  aircraft  with  cracks  and  the  average  AFHRS 
of  the  aircraft  with  cracks  may  be  calculated  for  a  given  FCA.  With  this  data  point  and  the 
application  of  an  appropriate  standard  deviation,  a  plot  of  cumulative  probability  versus  log 
AFHRS  may  be  created.  This  plot  will  then  allow  the  determination  of  the  AFHRS  associated 
with  a  given  probability  such  as  1/1000.  Alternatively,  the  probability  of  cracking  may  be 
determined  for  a  selected  number  of  AFHRS.  Application  of  a  relative  severity  factor  between 
two  fleets  allows  the  calculation  of  probabilities  versus  AFHRS  for  the  second  fleet.  In  the  case 
of  the  analysis  conducted  in  [3],  the  USN  fleet  results  had  to  be  converted  to  results  under 
RAAF  severity. 

7.1.1  Fatigue  Life  Variability 

Scatter  in  fatigue  is  represented  by  the  value  of  standard  deviation  of  the  assumed  normal 
population.  Sufficient  data  was  available  from  a  number  of  FCA  locations  that  had  been 
inspected  in  the  USN  fleet  to  determine  their  individual  standard  deviations.  Each  individual 
aircraft  could  be  plotted  and  the  slope  of  the  line  on  the  probability  graph  could  be 
determined.  This  was  done  in  Reference  26  of  the  SMP  [3],  with  the  majority  of  the  resulting 
standard  deviation  values  falling  between  0.15  and  0.18.  A  couple  of  FCA  locations  outside 
this  range  produced  higher  and  lower  values  of  standard  deviation  however  this  was  judged 
to  be  the  result  of  limited  amounts  of  data.  For  the  majority  of  the  FCA  locations  examined  in 
[3]  the  conservative  end  of  the  range  was  used  in  the  subsequent  probabilistic  based 
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calculations  of  safe  life.  For  locations  where  a  large  amount  of  data  was  available,  and  the 
dome  nut  holes  of  FCA352  were  an  example,  the  standard  deviation  value  obtained  for  that 
particular  FCA  was  used  (0.15  in  the  case  of  FCA352).  Note  that  these  values  of  standard 
deviation  represent  scatter  in  cracking  in  a  fleet  of  aircraft.  This  scatter  is  made  up  of  two 
elements,  the  underlying  scatter  in  material  performance,  and  the  scatter  in  usage  severity  of 
the  individual  aircraft  about  the  fleet  mean. 

7.1.2  Variations  in  Simplicity  and  the  Addition  of  Crack  Growth 

The  most  simplified  version  of  the  method  assumes  all  cracks  are  of  the  same  size.  This 
limitation  could  be  overcome  with  the  provision  of  a  suitable  crack  growth  curve.  Cracks 
could  then  be  regressed  back  to  a  selected  baseline  crack  length  and  the  associated  AFHRS 
determined.  If  it  is  not  possible  to  regress  the  cracks  back  to  a  baseline  length,  it  is 
conservative  to  assume  that  all  cracks  are  equal  to  the  largest  crack.  From  this  approach 
graphs  showing  Probability  of  Cracking  versus  Flight  Hours  can  be  produced. 

The  probability  of  component  failure  can  also  be  determined.  This  is  done  by  the  addition  of 
the  crack  growth  time  from  a  baseline  crack  length  to  the  acrit  value  (calculated  using  the 
FASTRAN  crack  growth  curves  for  the  FCA).  This  then  allows  Probability  of  Failure  versus 
AFHRS  to  be  plotted. 

The  probabilistic  method  and  its  assumptions  are  explained  in  more  detail  in  [6].  Guidance  for 
using  the  template  developed  for  this  analysis  may  also  be  found  in  this  reference. 

The  results  taken  from  [3]  for  the  probability  analyses  for  the  four  lower  wing  locations 
(F CA301  -  WEB-4,  FCA351-CDN-2,  FCA352-PDN-1  and  FCA375-PSS-2)  are  included  below. 
Analysis  was  not  possible  for  the  empennage  locations  as  fleet  inspections  programs  have  not 
been  performed  for  these  locations  at  this  time.  Probability  analysis  was  only  performed  for 
the  RAAF  P-3C  sequence.  As  the  fleet  failure  data  came  from  the  USN,  a  value  of  relative 
severity  between  the  USN  average  usage  sequence  and  the  RAAF  P-3C  sequence  was 
generated  for  each  FCA.  These  calculations  were  done  using  FAMS,  as  the  cracks  found  in  the 
fleet  were  generally  small. 

7.2  Results 

The  results  for  the  four  wing  locations  taken  from  [1]  are  given  in  this  Section,  including 
probability  of  cracking  (equivalent  to  the  size  found  in  the  USN  fleet  which  was  generally 
small)  and  the  probability  of  failure  which  included  the  period  of  calculated  permissible  crack 
growth  to  aait.  Although  the  AFHRS  to  different  values  of  probability  of  cracking  can  be 
derived  from  the  plots  (two  are  shown),  only  the  AFHRS  to  probability  of  failure  of  1/1000 
have  been  carried  forward  to  the  comparison  table  in  Section  10.1. 
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7.2.1  FCA301-WEB-4 


Aircraft  Inspected 

Inspected  Aircraft  Log  Average  AFHRS 
Aircraft  with  cracks 
Largest  detected  crack 


62  * 

15,823 

11* 

1.5"  (regressed  to  0.13") 


*USN  BuNo.  160290  was  also  inspected  and  found  to  be  cracked  in  this  location.  However  this 
is  a  test  aircraft  and  the  flight  spectrum  is  not  representative  of  fleet  flying,  and  therefore  was 
not  considered  in  the  analysis. 


AFHRS  where  1  /40  probability  of  cracking  occurs  13,602 

AFHRS  where  1 / 1000  probability  of  failure  occurs  14,215 


301  -WEB-4 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 

Log-Standard  Deviation: 

USN  Fleet  Data 

Enter 

Percentage  of  A tC  Cracked: 

(Default  Value  Used  if  Value  Entered  in  Both  Sections ) 

OR 


Number  of  Aircraft: 

62 

Aircraft  Cracked: 

11 

Percentage  of  A fC  Cracked: 

17.7 

Average  USN  AFHRS: 

15,823 

USN  AFHRS  at  50%  Probability: 

27,122 

If  Box  Empty: 

Severity  Factors 

USN  f  RAAF: 

i  i-i»  i 

Calculated  RAAF  Fleet  Data 

AFHRS  <@  Av.  USN  Cond.)  at  50%  Prob. 

30.64S 

0.18 

I - 1 


RAAF  AFHRS  of  Cracking  at  a  Defined  Probability 

At  3  Cumulative  Probability  of  Cracking:  |  Z,5QE-02~| 
The  AFHRS  are:  13H6Q2 

RAAF  Probability  of  Cracking  at  a  Defined  AFHRS 

At  the  these  AFHRS:  |  13,500  | 

The  Cumulative  Probability  of  Cracking  is:  2.40E-02 

RAAF  Recommended  Inspection  Threshold 

FLI  per  1 000  AFH  RS :  |  1 

Inspection  Threshold: 

Plotting  Options  for  Defined  AFHRSf  Probability 

Pint  Again  si  Cracking  (Av  Cond+CG}7{Y/N)  |  N 
fFtofteC#  Conrtifitm  if  fio  or  Blank) 


RAAF  P-3  Probability  of  Cracking 

Probability  of  Cracking  ■  250E-C2  at  13hG02  AFHRS 
Probability  of  Cracking  »  2  aoe-CR  at  13,M0  AFHRS 


♦  Failure  Poi nt  - USN  -  Av.  Condition 

—  -  -RAAF  ■  Av  USN  Damage  —  ‘  'RAAF  ■  Failure 

— Defi  ned  Probability  — —  Defined  AFH  RS 


1000  10000  100000 

Flight  Hours 


Figure  20:  FCA301-WEB-4  Probability  of  Cracking  Plot 
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301 -WEB-4 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 

Log-Standard  Deviation: 

1  oTia  | 

USN  Fleet  Data 

Enter 

Percentage  of  A/C  Cracked: 

1 _ 1 

(Default  Value  Used  if  Value  Entered  in  Both  Sections) 

OR 

Number  of  Aircraft: 

62 

Aircraft  Cracked: 

11 

Percentage  of  A/C  Cracked: 

17.7 

Average  USN  AFHRS: 

15.823 

USN  AFHRS  at  50%  Probability: 

27,122 

If  Box  Empty: 

Severity  Factors 

USN  /  RAAF: 

i  | 

Calculated  RAAF  Fleet  Data 

AFHRS  (@  Av.  USN  Cond.)  at  50%  Prob. 

30,648 

RAAF  CG  AFHRS  to  Failure: 

5/700  | 

AFHRS  (@  Failure.)  at  50%  Prob.: 

36,348 

RAAF  AFHRS  at  Failure  at  a  Defined  Probability 

At  a  Cumulative  Probability  of  Failure:  |  1.00E-03  | 

The  AFHRS  are: 

14,215 

RAAF  Probability  at  Failure  at  a  Defined  AFHRS 

At  the  these  AFHRS 

|  13,500  | 

The  Cumulative  Probability  of  Failure  is: 

4.80E-04 

RAAF  Recommended  Inspection  Threshold 

FLI  per  1000  AFHRS: 

1  1 

Inspection  Threshold: 

Plotting  Options  for  Defined  AFHRS/Probability 

Plot  Against  Failure  (Av  Cond+CG)?(Y/N) 

1  Y  | 

(Plotted  Against  Average  Condition  if  No  or  Blank) 

RAAF  P-3  Probability  of  Failure 

Probability  of  Failure  =  1.00E-03  at  14.215  AFHRS 
Probability  of  Failure  =  4.80E-04  at  13,500  AFHRS 


♦  Failure  Point 

—  —USN  -  Av.  Condition 

—  -  -RAAF  -  Av  USN  Damage 

—  -  -RAAF  -  Failure 

^^—Defined  Probability 

Defined  AFHRS 

1000  10000  100000 

Flight  Hours 


Figure21:  FCA301-WEB-4  Probability  ofFailurePlot 
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7.2.2  FCA351-CDN-2 


Aircraft  Inspected  68 

Inspected  Aircraft  Log  Average  AFHRS  19216 

Aircraft  with  cracks  6 

Largest  detected  crack  0.169" 

AFHRS  where  1/40  probability  of  cracking  occurs  19,615 

AFHRS  where  1 / 1000  probability  of  failure  occurs  15,979 


351-CDN-2 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 

Log-Standard  Deviation: 

USN  Fleet  Data 

Enter 

Percentage  of  A tC  Cracked: 

(Default  VatuB  Used  if  Value  Entered  in  Both  Sections) 

OR 


Number  of  Aircraft: 

68 

Aircraft  Cracked: 

6 

Percentage  of  A/C  Cracked: 

B.B 

Average  USN  AFHRS: 

19,216 

USN  AFHRS  at  50%  Probability: 

37,775 

if  Box  Empty: 

Severity  Factors 

USN  f  RAAF: 

i  117  i 

Calculated  RAAF  Fleet  Data 

AFHRS  {©  Av.  USN  Cond.)  at  50%  Prob. 

44,197 

i  1118  i 

I - 1 


RAAF  AFHRS  of  Cracking  at  a  Defined  Probability 

At  a  Cumulative  Probability  of  Cracking:  |  2,5QE-02~| 
The  AFHRS  are:  19,615 

RAAF  Probability  of  Cracking  at  a  Defined  AFHRS 

At  the  these  AFH RS :  |  13,500  | 

The  Cumulative  Probability  of  Cracking  is:  2. 1 1E-03 

RAAF  Recommended  Inspection  Threshold 

FLI  pe  r  1 009  AFH  RS :  |  1 

Inspection  Threshold: 

Plotting  Options  for  Defined  AFHRSf Probability 

P\ol  Against  Cracking  (Av  Ctmd+CGptYiN)  |  N 
fFtolretf  Aparmsf  Ai/irags  Conation  if  Nq  W  Blank) 


RAAF  P-3  Probability  of  Cracking 

Probability  of  Cracking  ■  2.50E-02  at  19.615  AFHfi-S 
Probability  of  Cracking  ■  5.1  IE -03  at  13.M0  AFHRS 


1000  10000  100000 

Flight  Hours 


Figure22:  FCA351-CDN-2  Probability  of  Cracking  Plot 
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351-CDN-2 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 

Log-Standard  Deviation: 

|  oTi  | 

USN  Fleet  Data 

Enter 

Percentage  of  A/C  Cracked: 

1 _ 1 

(Default  Value  Used  if  Value  Entered  in  Both  Sections ) 

OR 

Number  of  Aircraft: 

68 

Aircraft  Cracked: 

6 

Percentage  of  A/C  Cracked: 

8.8 

Average  USN  AFHRS: 

19,216 

USN  AFHRS  at  50%  Probability: 

37,775 

If  Box  Empty: 

Severity  Factors 

USN  /  RAAF: 

1  I”  1 

Calculated  RAAF  Fleet  Data 

AFHRS  (@  Av.  USN  Cond.)  at  50%  Prob. 

44,197 

RAAF  CG  AFHRS  to  Failure: 

|  3,700  | 

AFHRS  (@  Failure.)  at  50%  Prob.: 

47,897 

RAAF  AFHRS  at  Failure  at  a  Defined  Probability 

At  a  Cumulative  Probability  of  Failure  |  1.00E-03  | 

The  AFHRS  are: 

15,979 

RAAF  Probability  at  Failure  at  a  Defined  AFHRS 

At  the  these  AFHRS: 

|  13,500  | 

The  Cumulative  Probability  of  Failure  is: 

1.39E-04 

RAAF  Recommended  Inspection  Threshold 

FLI  per  1000  AFHRS: 

1  1 

Inspection  Threshold: 

Plotting  Options  for  Defined  AFHRS, Probability 

Plot  Against  Failure  (Av  Cond+CG)?(Y/N) 

1  v | 

(Plotted  Against  Average  Condition  if  No  or  Blank) 

RAAF  P-3  Probability  of  Failure 

Probability  of  Failure  =  1.00E-03  at  15.979  AFHRS 
Probability  of  Failure  =  1.39E-04  at  13,500  AFHRS 


♦  Failure  Point 

—  —USN  -  Av.  Condition 

—  -  -RAAF  -  Av  USN  Damage 

—  -  -RAAF  -  Failure 

^^“Defined  Probability 

Defined  AFHRS 

2.8: 

2  4  I 
2; 

1.8  j 
1.2  j 
0.8  j 
0.4  J 
o] 

-0.4  j 
-0.8  | 
-1.2  | 
-1.6  i 
-2- 
-2.4  j 

-2.8  fc 

-3.2  | 
-3.6  I 
-4  | 
-4.4  j 
-4.8  : 
1000 


-T+ 


10000 

Flight  Hours 


*0.98 


0.999 


-Q 
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0.01 


0.001 


0.000001 


100000 


Figure  23:  FCA351-CDN  -2  Probability  of  Fail  u  re  Plot 
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7.2.3  FCA352-PDN-1 


Aircraft  Inspected 

Inspected  Aircraft  Log  Average  AFHRS 
Aircraft  with  cracks 
Largest  detected  crack 


101* 

17,241 

45* 

0.25"  (regressed  to  0.13") 


*USN  BuNo  160290  was  also  inspected  and  found  to  be  cracked  in  this  location.  However  this 
is  a  test  aircraft  and  the  flight  spectrum  is  not  representative  of  fleet  flying,  and  therefore  was 
not  considered  in  the  analysis. 


AFHRS  where  1/40  probability  of  cracking  occurs  13,265 

AFHRS  where  1 / 1000  probability  of  failure  occurs  12,078 


352-PDN-1 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 

Log-Standard  Deviation: 

USN  Fleet  Data 

Enter 

Percentage  of  A tC  Cracked: 

(Default  Value  Used  if  Value  Entered  in  Both  Sections ) 

OR 


Number  of  Aircraft: 

101 

Aircraft  Cracked: 

45 

Percentage  of  A fC  Cracked: 

440 

Average  USN  AFHRS: 

17,241 

USN  AFHRS  at  50%  Probability: 

22,311 

If  Box  Empty: 

Severity  Factors 

USN  f  RAAF: 

1  117  | 

Calculated  RAAF  Fleet  Data 

AFHRS  <@  Av.  USN  Cond.)  at  50%  Prob. 

26,104 

I  °1S  I 

I - 1 


RAAF  AFHRS  of  Cracking  at  a  Defined  Probability 

At  3  Cumulative  Probability  of  Cracking:  |  Z,5QE-02~| 
The  AFHRS  are:  13,265 

RAAF  Probability  of  Cracking  at  a  Defined  AFHRS 

At  the  these  AFHRS:  |  13,500  | 

The  Cumulative  Probability  of  Cracking  is:  2.B1E-02 

RAAF  Recommended  Inspection  Threshold 

FLI  per  1 000  AFH  RS :  |  1 

Inspection  Threshold: 

Plotting  Options  for  Defined  AFHRSf Probability 

Pint  Again  si  Cracking  (Av  Cond+CG}7{Y/N)  |  N 
fFtoftec#  Contfificm  if  No  or  Blank) 


RAAF  P-3  Probability  of  Cracking 

Probability  of  Cracking  ■  250E-C2  at  13,255  AFHfi-S 
Probability  of  Cracking  -  2.&1E42  at  13,M0  AFHRS 


♦  Failure  Poi nt  - USN  -  Av.  Condition 

—  -  -RAAF  ■  Av  USN  Damage  —  -  'RAAF  ■  Failure 

- Defi  ned  Probability  —  Defined  AFH  RS 


1000  10000  100000 

Flight  Hours 


Figure24:  FCA352-PDN  -1  Probability  of  Cracking  Plot 
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352-PDN-1 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 
Log-Standard  Deviation: 


USN  Fleet  Data 

Enter 

Percentage  of  A/C  Cracked:  | 

(Default  Value  Used  if  Value  Entered  in  Both  Sections ) 


OR 

Number  of  Aircraft: 

101 

Aircraft  Cracked: 

45 

Percentage  of  A/C  Cracked: 

44.6 

Average  USN  AFHRS: 

17.241 

USN  AFHRS  at  50%  Probability: 

22,310 

If  Box  Empty: 

Severity  Factors 

USN  /  RAAF: 

i  i 

Calculated  RAAF  Fleet  Data 

AFHRS  (@  Av.  USN  Cond.)  at  50%  Prob. 

26,103 

RAAF  CG  AFHRS  to  Failure: 

|  3,100  | 

AFHRS  (@  Failure.)  at  50%  Prob. 

29,203 

RAAF  AFFIRS  at  Failure  at  a  Defined  Probability 
At  a  Cumulative  Probability  of  Failure  |  1.00E-03  | 
The  AFHRS  are:  12.073 

RAAF  Probability  at  Failure  at  a  Defined  AFHRS 
At  the  these  AFH RS:  |  13.500  | 

The  Cumulative  Probability  of  Failure  is:  3.86E-03 

RAAF  Recommended  Inspection  Threshold 

FLI  per  1000  AFHRS:  |  | 

Inspection  Threshold: 

Plotting  Options  for  Defined  AFHRS/Probability 

Plot  Against  Failure  (Av  Cond+CG)?(Y/N)  |  Y 

(Plotted  Against  Average  Condition  if  No  or  Blank) 


RAAF  P-3  Probability  of  Failure 


Probability  of  Failure  =  1.00E-03  at  12.078  AFHRS 
Probability  of  Failure  =  3.86E-03  at  13,500  AFHRS 


♦  Failure  Point 

- USN  -  Av.  Condition 

—  -  -RAAF  -  Av  USN  Damage 

—  -  -RAAF  -  Failure 

^^—Defined  Probability 

Defined  AFHRS 

1000  10000  100000 

Flight  Hours 


Figure25:  FCA352-PDN-1  Probability  of FailurePlot 
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7.2.4  FCA375-PSS-2 


Aircraft  Inspected  12 

Inspected  Aircraft  Log  Average  AFHRS  18,199 

Aircraft  with  cracks  4 

Largest  detected  crack  0.03" 

AFHRS  where  1  /40  probability  of  cracking  occurs  12,780 

AFHRS  where  1/1000  probability  of  failure  occurs  22,300 


375-PSS-2 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 

Log-Standard  Deviation: 

USN  Fleet  Data 

Enter 

Percentage  of  A tC  Cracked: 

(Default  Value  Used  if  Value  Entered  in  Both  Sections) 

OR 


Number  of  Aircraft: 

12 

Aircraft  Cracked: 

4 

Percentage  of  A iC  Cracked: 

33.3 

Average  USN  AFHRS: 

18,199 

USN  AFHRS  at  50%  Probability: 

25,483  | 

If  Box  Empty: 

Severity  Factors 

USN  f  RAAF: 

i  i-i»  i 

Calculated  RAAF  Fleet  Data 

AFHRS  {©  Av.  USN  Cond.)  at  50%  Prob. 

28,705 

i  1118  i 

I - 1 


RAAF  AFHRS  of  Cracking  at  a  Defined  Probability 

At  3  Cumulative  Probability  of  Cracking:  |  2,5QE-OZ~| 
The  AFHRS  are:  12,780 

RAAF  Probability  of  Cracking  at  a  Defined  AFHRS 

At  the  these  AFH RS :  |  13,500  | 

The  Cumulative  Probability  of  Cracking  is:  3  38E-G2 

RAAF  Recommended  Inspection  Threshold 

FLI  pe  r  1 000  AFH  RS :  |  1 

Inspection  Threshold: 

Plotting  Options  for  Defined  AFHRSf Probability 

Plot  Against  Cracking  (Av  Ctmd+CGy>{YIN)  |  N 
fFtolred  Aparmsf  Contfifjem  if  Mo  or  Blank) 


RAAF  P-3  Probability  of  Cracking 

Probability  Cracking  ■  250E-C2  at  12,780  AFHP-S 
Probability  of  Cracking  =  3,38E42  at  13,M0  AFHRS 


♦  Failure  Point 
*—  -  -RAAF  ■  Av  USN  Damage 
—  —Defined  Probability 


- USN  -  Av.  Condition 

—  -  'RAAF  ■  Failure 
- Defined  AFHRS 


> 

dj 

a 


1000 


*7  0,999 


10000 

Flight  Hours 


-  0.000001 


100000 


Figure  26:  FCA375-PSS-2  Probability  of  Cracking  Plot 
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375-PSS-2 


RAAF  P-3  Probability  of  Cracking 

Assumed  Data  Distribution 
Log-Standard  Deviation: 


USN  Fleet  Data 

Enter 

Percentage  of  A/C  Cracked:  | 

(Default  Value  Used  if  Value  Entered  in  Both  Sections) 

OR 


Number  of  Aircraft: 

12 

Aircraft  Cracked: 

4 

Percentage  of  A/C  Cracked: 

33.3 
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Figure27:  FCA375-PSS-2  Probability  ofFailurePlot  (Note:  the  probability  offailureat  thedefined 
AFHRS  of  13,500  is  not  calculated) 
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8.  Life  Calculations  Using  the  Effective  Block  Approach 

8.1  Overview  of  EBA 

The  so-called  effective  block  approach  (EBA)  has  been  proposed  recently  within  DSTO  to 
address  the  experimentally  observed  growth  rates  of  fatigue  cracks  at  critical  locations  on 
F/A-18  airframes,  [15]  and  [16].  It  was  claimed  that  the  growth  of  these  cracks  in  structures 
made  of  7050  aluminium  alloy  could  not  be  adequately  predicted  using  classical  models  such 
as  Paris  law  or  the  plasticity-induced  crack  closure  models  based  on  constant  amplitude  (CA) 
crack  growth  rates  (CGR) .  The  EBA  approach  treats  each  program  block  of  spectrum  load  as  a 
single  cycle  of  equivalent  crack  growth.  In  essence,  this  approach  replaces  the  complexity  of 
calculating  cycle-by-cycle  load  sequence  effects  with  a  single  cycle  that  incorporates  the 
combined  result.  The  assumption  is  that  the  sequence  effect  will  be  consistent  from  block-to- 
block  as  the  crack  grows.  The  CGR  is  expressed  in  a  similar  equation  to  that  of  the  Paris  law, 
with  two  model  parameters;  the  crack  growth  coefficient  (C)  and  the  Paris-like  exponent  (m) 
determined  by  fitting  the  crack  growth  rate  data  obtained  from  spectrum  loading 
experiments.  However,  since  each  individual  spectra  is  equivalent  to  a  unique  cycle,  these 
model  parameters  are  expected  to  be  dependent  on  the  particular  spectrum  and  the  stress 
level  as  well  as  the  geometry  and  the  material  through  which  the  crack  passes.  A  procedure 
was  then  devised  to  allow  the  use  of  the  EBA  model  parameters  obtained  under  one  load 
spectrum  (the  tested  spectrum)  to  predict  the  crack  growth  under  a  different  load  spectrum 
(the  untested  spectrum).  This  procedure  relies  on  the  relative  severity  of  these  two  spectra 
being  determined  using  an  independent  third-party  model  or  tool  such  as  FASTRAN.  An 
initial  crack  size  ao  either  needs  to  be  assumed  initially,  or  derived  by  back  projection  from  the 
tested  spectrum  and  assumed  to  be  the  same  for  the  untested  spectrum.  The  EBA  has  been 
shown  to  produce  crack  growth  curves  that  correlate  well  with  the  experimental  results  for 
the  F/A-18  cases  studied  [16].  A  full  explanation  of  the  EBA  may  be  found  in  [11], 

EBA  based  predictions  using  P-3  coupon  test  data  and  for  a  natural  crack  that  developed  on 
the  P-3  SLAP  wing/ fuselage  test  article  are  provided  in  the  following  sections. 

8.2  EBA  Life  Predictions  from  P-3  Coupon  Test  Data 

NLR  conducted  a  coupon  test  program  [17]  to  assist  with  the  interpretation  of  the  P-3  SLAP 
wing/ fuselage  FSFT  for  the  SLAP  customers  with  average  fleet  usage  different  to  the  USN 
85th  percentile  'severe'  spectra  used  on  the  full  scale  tests  (this  included  Australia).  This  same 
coupon  data,  see  Figure  28,  was  also  able  to  be  used  to  evaluate  the  effectiveness  of  the  EBA  in 
predicting  the  total  and  crack  growth  lives  of  the  RAAF  P-3C  FCA361  sequence.  FCA361  is 
very  similar  in  terms  of  spectra  and  structural  configuration  to  FCA351,  essentially 
representing  the  chord  wise  row  of  dome  nut  holes  just  outboard  of  the  inboard  nacelle  that 
mirror  the  row  inboard  of  the  inboard  nacelle  covered  by  FCA351  and  FCA352.  The 
determination  of  RAAF  EBA  lives  may  be  found  in  [11].  These  calculations  are  repeated  in  this 
report,  and  the  predictions  are  shown  graphically  in  Figure  29  and  in  Table  18  and  Table  19 
which  contain  the  total  lives  and  crack  growth  lives  respectively.  RAAF  P-3C  FCA361  lives  are 
provided  for  averaged  coupon  data,  and  for  the  EBA  using  three  different  methods  to 
determine  the  Paris-like  exponent  171.  The  initial  crack  size  of  1.52E-5  m  (0.0006")  was  obtained 
using  exponential  extrapolation  of  the  data  obtained  under  the  FSFT  spectrum,  see  Figure  28. 
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The  final  crack  length,  af  =  10  mm  (0.394"),  was  chosen  based  on  the  typical  final  crack  length 
observed  from  the  coupons. 
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Figure 28:  Exponential  Extrapolation  to  Evaluate  ao 
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Figure29:  EBA  Predictions  for  RAAF  P-3C  FCA361  Spectrum  using  NLR  Coupon  Data 
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Tablel8:  Comparison  ofRAAF  P-3C  FCA361  Total  Lives 


Total  life(af  =  10  mm(0.394")) 
(SFH) 

D ifference  between  the 
prediction  and  the  RAAF 
coupon  average  (%) 

RAAF  Coupon  average 

40986 

EBA  -  Method  1:  m  =  2 

16312 

60.2% 

EBA  -  Method  2:  m  =  m1E 

12262 

70.1% 

EBA  -  Method  3:  Variable  -  m 

11503 

71.9% 

For  the  inspection  interval  calculations,  an  aNDi  value  of  1.27  mm  (0.05")  is  consistent  with  the 
value  used  in  the  P-3  TI  report  and  represents  an  effective  NDI  value  for  a  bolt  hole  eddy 
current  inspection. 


Table  19:  Comparison  ofRAAF  P-3C  FCA361  Crack  Growth  Lives  (Inspection  Intervals) 


Life  (1.27 mm  -  10  mm 
(0.05"  -  0.394"))  (SFH) 

D ifference  between  the 
prediction  and  the  RAAF 
coupon  average  (%) 

RAAF  Coupon  average 

7444 

EBA  -  Method  1:  m  =  2 

7401 

0.6% 

EBA  -  Method  2:  m  =  m^E 

7890 

-6.0% 

EBA  -  Method  3:  Variable  -  m 

6647 

10.7% 

8.3  EBA  Life  Prediction  from  a  P-3  FSFT  Wing  Test  Crack 

The  EBA  method  was  also  trialled  using  a  natural  crack  result  from  an  aircraft  structure.  On 
the  P-3  SLAP  wing/ fuselage  FSFT  article,  a  crack  was  found  in  the  outer  wing  lower 
panel/ cap  splice  location  at  WS  220  after  16,785  hours  of  cycling.  This  location  is  designated 
FCA361-PSS-4.  An  EBA  analysis  of  this  FSFT  crack  is  described  in  detail  in  [11]  including  how 
the  15,000  hour  P-3  FSFT  load  sequence  was  split  into  a  number  of  smaller  sub-blocks.  A 
summary  of  the  resulting  predictions  is  shown  graphically  in  Figure  30  and  in  Table  20  and 
Table  21  which  contain  the  total  lives  and  crack  growth  lives  (i.e.  inspection  intervals) 
respectively.  FSFT  FCA361-PSS-4  lives  are  provided  for  the  FSFT,  FASTRAN  and  for  the  EBA 
using  three  different  methods  of  calculating  the  Paris-life  exponent  m.  Note  that  the 
FASTRAN  prediction  is  pegged  to  the  test  life  and  is  thus  used  only  as  a  comparison  in  the 
calculation  of  inspection  intervals. 
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Table20:  P-3  FSFT  FCA361-PSS-4  EBA  based  total  life  predictions  against  fractographic  data. 


Total  life  (SFH  af  =  17mm) 

D  ifference  between  the  FSFT 
article  and  EBA  predictions  (%) 

FSFT  article 

16785 

EBA  prediction  with  m  =  1.75 

8826 

47.4% 

EBA  prediction  with  m  =  2.00 

10026 

40.3% 

EBA  prediction  with  C  and  m 

11144 

33.6% 

evaluated  from  the  coupon  test  data 
FASTRAN 

Pegged  to  final  life 

T able  21:  P-3  FSFT  FCA  361-PSS-4  crack  growth  predictions  against  fractographic  data 

Life  (5.7mm  -  17mm)  (SFH) 

D  ifference  between  the  FSFT 

article  and  EBA  predictions  (%) 

FSFT  article 

2905 

EBA  prediction  with  m  =  1.75 

3606 

-24.2% 

EBA  prediction  with  m  =  2.00 

3642 

-25.4% 

EBA  prediction  with  C  and  m 

5279 

-81.7% 

evaluated  from  the  coupon  test  data 

FASTRAN 

3030 

-4.3% 
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9.  P-3  Coupon  Test  Results  and  Life  Com  pari  son 

9.1  Coupon  Test  Program 

9.1.1  Test  Purpose 


A  coupon  test  program  was  performed  subsequent  to  the  DSTO  TI  work  to  provide 
experimental  data  against  which  the  analytical  results  determined  in  the  P-3  TI  could  be 
compared.  Coupon  and  analytical  results  were  compared  for  crack  initiation  (Cl),  crack 
growth  and  total  lives.  The  coupon  testing  used  the  same  spectra  as  the  TI.  The  final  versions 
of  the  various  spectra  had  not  previously  undergone  coupon  testing.  The  aim  of  the 
comparison  was  to  evaluate  the  accuracy  of  the  TI  tools  FAMS  and  FASTRAN  and  the 
calibration  process  performed  as  part  of  the  TI  using  early  versions  of  the  FSFT  and  RAAF 
spectra. 

9.1.2  Coupon  Test  Description 

Notched  coupons  with  a  Kt  gross  of  5.0  were  used  in  the  test  program  as  illustrated  in  Appendix 
D.  These  'double  ear'  coupons  were  made  from  7075-T6  aluminium  bare  sheet.  Note  that, 
whilst  the  coupon  drawing  specifies  a  coupon  thickness  of  3.175  mm  (0.125"),  due  to 
availability  of  material  the  coupons  were  manufactured  from  sheet  with  thickness  of 
3.048  mm  (0.12").  The  coupons  were  manufactured  by  Boeing  Australia. 

Coupon  testing  utilised  FSFT  and  RAAF  P-3C  and  AP-3C  sequences  representative  of  stresses 
at  FCA301  and  FCA361.  These  two  FCAs  are  located  on  the  wing  front  spar  lower  cap  of  the 
P-3,  with  FCA301  at  the  root  and  FCA361  at  the  outer  side  of  the  inboard  engine  nacelle  (see 
Figure  31).  The  typical  critical  features  were  pin-loaded  fastener  holes  in  the  spar  cap  and 
adjacent  spar  web  or  lower  panel  skin. 


FCA361 


Figure 31:  Location  of  FC A 301  and FC A 361 

A  test  matrix  of  the  coupons  is  provided  in  Table  22.  The  gross  stress  levels  applied  to  each  of 
the  coupons  are  also  included.  The  Direct  Current  Potential  Drop  (DCPD)  system  [12]  was 
used  to  monitor  crack  growth  during  testing. 
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T able  22:  C  oupon  Test  M  atrix 


FCA 

Spectrum 

Spectrum 

Max  Gross  Area  Stress 

Test  Freq  Hz 

No.  of 

Location 

Cycles 

ksi 

MPa 

Coupons 

FSFT 

439,405 

31.16 

214.8 

15 

3 

301 

RAAF  P-3C 

1,102,622 

23.93 

164.1 

15 

3 

RAAF  AP-3C 

935,296 

25.14 

173.4 

15 

3 

FSFT 

422,624 

24.11 

166.2 

15 

3 

361 

RAAF  P-3C 

1,299,597 

19.10 

131.7 

15 

3 

RAAF  AP-3C 

1,096,385 

19.17 

132.2 

15 

3 

9.1.3  Test  Results 

Figure  32  and  Figure  34  provide  the  DCPD  measured  crack  growth  data  for  each  of  the 
coupons  tested  under  the  FCA301  and  FCA361  spectra  respectively.  These  DCPD  results  were 
also  plotted  on  a  log-linear  scale  in  Figure  33  and  Figure  35.  The  DCPD  'noise'  arising  from 
the  electrical  system  has  been  omitted  from  the  log-linear  crack  growth  plots  in  order  to  show 
only  that  part  of  the  data  that  was  monotonically  increasing.  The  DCPD  system  applies  a 
current  through  the  coupon  and  measures  changes  in  voltage  that  can  be  related  to  the  loss  of 
cross-sectional  area  as  the  crack  grows  under  cyclic  loading.  A  new  multi-part  polynomial 
which  converts  DCPD  voltages  to  crack  lengths  was  determined  as  part  of  the  test  program 
and  this  is  described  in  Appendix  B.  Note  that  the  crack  lengths  provided  in  Figure  32  to 
Figure  35  represent  growth  from  one  side  of  the  notch  edge  for  a  double  edge  crack. 
Symmetric  crack  growth  was  typically  observed. 

A  summary  of  the  Cl,  total  and  crack  growth  lives  are  presented  in 

Table  23  and  Table  24  for  FCA301  and  FCA361  respectively.  The  coupon  test  analysis  was 
conducted  using  the  metric  system,  however  to  provide  consistency  with  the  first  part  of  this 
report  the  crack  length  units  have  been  converted  to  imperial  dimensions.  The  initiation  lives 
were  calculated  at  crack  lengths  of  0.05"  and  0.12"  which  are  compatible  with  the  aNDi  limits 
used  in  the  TI  process.  Cl  lives  were  not  calculated  at  a  crack  length  of  0.01"  as  the  DCPD 
system  was  unable  to  reliably  measure  cracks  this  small.  The  total  lives  represent  the  time  to 
coupon  failure  or  the  time  to  a  given  crack  length.  For  the  FCA301  coupons,  total  lives  were 
determined  for  a  crack  length  of  0.12"  (3.048  mm)  while  for  FCA361  a  crack  length  of  0.197"  (5 
mm)  was  used.  These  crack  limits  were  selected  so  that  a  common  critical  crack  length  could 
be  used  for  comparison  with  analytical  calculations  in  the  next  section  which  use  a  constant 
aCrit-  The  FCA301  crack  length  is  smaller  than  the  FCA361  length  because  the  FCA301  AP-3C 
coupons  contain  limited  DCPD  crack  growth  data.  Crack  growth  lives  are  also  presented  for 
growth  from  an  initial  crack  of  0.05"  or  0.12"  to  coupon  failure  or  a  given  crack  size  (i.e.  0.12" 
or  0.197").  Once  again,  the  crack  lengths  in 

Table  23  and  Table  24  represent  growth  from  one  side  of  the  notch  edge  for  a  double  edge 
crack. 
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DCPD  Coupon  Crack  Growth  for  P-3C  FCA301  Spectra 
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jre32:  DCPD  Based  Recorded  Coupon  Crack  Growth  for  FC A 301 


DCPD  Coupon  Crack  Growth  for  P-3C  FCA301  Spectra 
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Figure33:  DCPD  Coupon  CrackGrowth  for  FCA301  (Log-Linear  axes  and  with  'noise'  removed) 
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DCPD  Coupon  Crack  Growth  for  P-3C  FCA361  Spectra 
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jre34:  DCPD  Based  Recorded  Coupon  Crack  Growth  for  FC A  361 


DCPD  Coupon  Crack  Growth  for  P-3C  FCA361  Spectra 


Figure35:  DCPD  Coupon  Crack  Growth  for  FCA361  (Log-Linear  axes  with  'noise'  removed) 
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Table23:  Coupon  Crack!  nitiati  on,  Total  and  Crack  Growth  Lives  for  FCA301  Sequences 


FCA301 

Spectrum 

Cl  Lives 

(Hours) 

"Total"  Lives  (Hours) 

Crack  Growth  Lives  (Hours) 

Coupon  Id 

0.05" 

0.12" 

0.12" 

Failure 

0.05"  to  0.12" 

0.05"  to 
Failure 

0.12"  to 
Failure 

P-3C-09 

92,521 

101,243 

101,243 

106,547 

8,722 

14,027 

5,304 

P-3C-10 

121,674 

131,264 

131,264 

136,547 

9,590 

14,873 

5,284 

FSFT 

P-3C-11 

107,442 

116,884 

116,884 

124,142 

9,442 

16,699 

7,258 

Log  Ave 

106,546 

115,812 

115,812 

121,781 

9,243 

15,160 

5,881 

P-3C-05 

101,466 

103,815 

103,815 

106,242 

2,350 

4,777 

2,427 

P-3C-06 

77,773 

80,811 

80,811 

83,183 

3,038 

5,410 

2,372 

RAAF  P- 

3C 

P-3C-07 

81,094 

83,401 

83,401 

85,823 

2,307 

4,729 

2,421 

P-3C-08 

56,819 

58,860 

58,860 

60,586 

2,042 

3,767 

1,726 

Log  Ave 

77,653 

80,109 

80,109 

82,333 

2,408 

4,632 

2,215 

P-3C-12 

163,763 

- 

- 

169,167 

3,567* 

5,404 

- 

RAAF  AP- 

P-3C-14 

159,142 

- 

- 

167,539 

5,542* 

8,397 

- 

3C 

P-3C-15 

158,109 

163,873 

163,873 

166,786 

5,764 

8,677 

2,913 

Log  Ave 

160,319 

163,873 

163,873 

167,828 

4,957 

7,329 

2,913 

*  Generated  as  equivalent  %  of  P-3C-15  results  due  to  DCPD  failure 
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Table24:  Coupon  Crack!  nitiati  on,  Total  and  Crack  Growth  Lives  for  FCA361  Sequences 


FCA361 

Spectrum 

Cl  Lives 

(Hours) 

"Total"  Lives  (Hours) 

Crack  Growth  Lives  (Hours) 

Coupon  Id 

0.05" 

0.12" 

0.197" 

Failure 

0.05"  to 
0.197" 

0.05"  to 
Failure 

0.12"  to 
0.197" 

0.12"  to 
Failure 

P-3C-16 

21,628 

26,443 

28,487 

30,841 

6,858 

9,213 

2,043 

4,398 

FSFT 

P-3C-17 

28,435 

34,609 

37,633 

39,820 

9,199 

11,385 

3,025 

5,211 

P-3C-18 

37,664 

40,372 

42,180 

44,700 

4,516 

7,035 

1,818 

4,327 

Log  Ave 

28,506 

33,306 

35,626 

38,005 

6,580 

9,037 

2,235 

4,629 

P-3C-19 

36,510 

39,863 

41,954 

42,848 

5,444 

6,338 

2,091 

2,985 

RAAF  P- 

P-3C-20 

42,395 

44,674 

45,693 

47,019 

3,299 

4,625 

1,019 

2,345 

3C 

P-3C-21 

42,918 

45,224 

46,309 

47,576 

3,391 

4,658 

1,085 

2,352 

Log  Ave 

40,500 

43,185 

44,610 

47,765 

3,934 

5,150 

1,322 

2,544 

P-3C-22 

47,468 

51,873 

53,863 

55,309 

6,396 

7,841 

1,991 

3,436 

RAAF  AP- 

P-3C-23 

43,818 

47,781 

49,532 

50,689 

5,714 

6,871 

1,750 

2,908 

3C 

P-3C-24 

45,119 

49,510 

52,504 

53,719 

7,385 

8,600 

2,994 

4,209 

Log  Ave 

45,443 

49,693 

51,935 

53,204 

6,462 

7,738 

2,185 

3,477 
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9.2  Comparison  of  P-3  SLAP  Tl  Predictions  to  Coupon  Results 

The  following  sub-sections  firstly  apply  the  P-3  wing/  fuselage  TI  process  using  the  P-3 
coupons  results  just  described.  The  crack  initiation  (Cl)  and  total  lives  from  this  analysis  will 
then  be  compared  to  those  from  the  coupons  to  evaluate  the  effectiveness  and  robustness  of 
the  FAMS  and  FASTRAN  tools  used  in  the  original  TI  process.  Analyses  will  be  performed  at 
FCA301  and  FCA361. 

Cl  lives  were  calculated  in  the  TI  process  using  the  FAMS  software  and  DSTO-developed 
strain-life  data  for  7075-T651.  DSTO  developed  two  versions  of  the  7075-T651  strain-life  data 
(dated  6-Jan-05  and  19-Jan-05).  Whilst  both  versions  were  used  in  the  original  TI  this 
inconsistency  has  been  corrected  for  the  current  study  and  the  later  version  of  the  7075-T651 
strain-life  data  has  been  used  for  all  spectra.  The  possible  difference  to  7075-T6  is 
acknowledged  but  judged  insignificant  for  relative  life  comparisons. 

9.2.1  FCA361 

FASTRAN  analyses  of  the  FCA361  FSFT  and  RAAF  spectra  are  provided  in  Figure  36  which 
also  includes  the  DCPD  coupon  crack  growth  data.  Note  that  the  DCPD  crack  growth  data  has 
again  been  clipped  at  a  threshold  where  the  DCPD  system  was  deemed  to  be  affected  by 
'noise'  and  no  longer  be  measuring  crack  lengths  accurately.  The  coupon  stress  intensity 
solution  used  in  the  FASTRAN  run  is  provided  in  Appendix  C.  An  initial  crack  length  of 
0.028  mm  (0.0011")  was  determined  by  pegging  the  FASTRAN  predicted  crack  growth  curve 
to  the  average  coupon  life  for  the  FSFT  spectra,  while  the  crack  limit  (i.e.  amt)  was  set  to  5  mm 
(0.197").  The  same  initial  crack  size  was  then  used  for  all  FCA  361  spectra. 

Table  25  summarises  the  unfactored  crack  growth  times  from  the  FASTRAN  analysis.  Table  26 
and  Table  27  in  conjunction  with  Figure  37  provide  the  Kn-td  as  well  as  the  time  to  crack 
initiation  for  a  0.05"  and  0.12"  flaw  respectively.  Table  28  and  Table  29  provide  the  unfactored 
and  factored  inspection  thresholds  and  intervals  for  FCA361  respectively. 
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Figure36:  FASTRAN  only  analysis  v  coupon  results  atFCA361,  a /  =  0.028  mm  (0.0011") 


T able  25:  C rack  G rowth  R  esults  for  FCA  361 


a;  =  0.0011" 
acnt  =  0.197” 

Stress  Factor  =  1.0 

Spectrum 

Unfactored  Flight  Hours 

at  to  0.05" 

ai  to  0.12" 

ai  to  acrit 

CG  Life 

0.05"  to  acrit 

CG  Life 

0.12"  to  acrit 

FSFT 

31,093 

35,690 

38,356 

7,263 

2,666 

RAAF  AP-3C 

61,186 

65,025 

66,745 

5,559 

1,720 

RAAF  P-3C 

42,019 

44,900 

46,311 

4,292 

1,411 

T able  26:  D  etermination  of  the  T est-D  emonstrated  Kn  (Kntd)  for  0.05" 


FSFT 

FASTRAN 

FSFT 

Kn-td 

SFHRS  Defect 
Found  (Lest) 

Crack  Size 
when  found 

ta=test 

ta=0.050 

A  tF  ASTR  AN — Attest 
(ta=test“ta=0.05o) 

ta  =  0.050 
(ttest  -  Attest) 

3.96 

28,506 

0.05 

31,093 

31,093 

0 

28,506 

Table  27:  Determination  of  the  T  est-D  emonstrated  Kn  (Kntd)  for  0.12" 


FSFT 

FASTRAN 

FSFT 

Kn-td 

SFHRS  Defect 
Found  (Lest) 

Crack  Size 
when  found 

ta=test 

ta=0.120 

A  tF  ASTR  AN — Attest 
(ta=test“ta=0.12o) 

ta  =  0.120 
(ttest  -  Attest) 

3.73 

28,506 

0.05 

31,093 

35,690 

-4,597 

33,103 
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Figure 37:  FAM  S  F atigue  Life  Curves  for  FC A  361 


FCA361  Double  Ear  Coupon 
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T able  28:  Summary  of  the  U  nfactored  R  esults  for  FCA  361 


U nfactored  Flight  H ours 

Aa 

0.005  to  0.05 

Aa 

0.005  to  0.12 

CG  Life 

CG  Life 

0.05"  Crack 

0.12"  Crack 

Spectrum 

Aa  =  0.05  to 

clcrit 

Aa  =  0.12  to 

clcrit 

Initiation 

(Hinit-0.05) 

Initiation 

(Hmit-o.12) 

FSFT 

9,487 

14,084 

7,263 

2,666 

28,506 

33,103 

RAAF  AP-3C 

15,769 

19,608 

5,559 

1,720 

54,500 

69,200 

RAAF  P-3C 

12,311 

15,192 

4,292 

1,411 

36,500 

47,100 

T able  29:  Summary  of  Economic  and  Safety  T hresholds  for  FCA  361 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/2 
(AFHRS) 

Total  Life 

tinit+tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

a  =  0.05 

a  =  0.12 

aNDi  -  0.05 

aNDi  -  0.12 

FSFT 

14,253 

16,552 

3,632 

1,333 

35,769 

11,923 

RAAF  AP-3C 

27,250 

34,600 

2,780 

860 

60,059 

20,020 

RAAF  P-3C 

18,250 

23,550 

2,146 

706 

40,792 

13,597 

In  Figure  38  the  crack  initiation  results  from  the  coupon  tests  are  compared  to  the  FAMS 
predictions  for  the  FCA361  spectra.  Coupon  results  are  provided  for  a  0.05"  crack  determined 
via  DCPD  measurements.  The  coupon  data  is  plotted  at  the  Kn  determined  from  Figure  37  for 
a  crack  of  0.050". 
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FCA361  Double  Ear  Coupon 


Figure38:  Comparison  Plot  of  Coupon  Data  and  FAM  S  Results  for  FC  A  361 

Figure  39  and  Figure  40  compare  the  crack  growth  from  the  coupon  data  and  FASTRAN  for 
FCA361  for  the  RAAF  P-3C  and  AP-3C  spectra  respectively,  facilitating  a  comparison  of 
coupon  crack  growth  versus  FASTRAN  prediction.  In  each  case  the  FASTRAN  curve  has  been 
shifted  on  the  x  axis  to  align  with  the  coupon  failure  time  to  allow  better  comparison  of  the 
shape  of  the  FASTRAN  curve  with  the  coupon  data.  The  comparison  shows  a  good  match 
between  experiment  and  prediction  down  to  about  1  mm  (0.040") 


Crack  Growth  for  Double  Ear  Coupon  for  FCA361  P-3C  Spectrum 


Hours 


Figure39:  Comparison  Plot  of  Coupon  Data  and  FASTRAN  Results  for  RAAF  P-3C  atFCA361 
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Crack  Growth  for  Double  Ear  Coupon  for  FCA361  AP-3C  Spectrum 


Figure40:  Comparison  Plot  of  Coupon  Data  and  FASTRAN  Results  for  RAAF  A  P-3C  atFCA361 


Figure  41  compares  the  crack  growth  results  from  the  FCA  361  coupon  tests  with  the  total  life 
prediction  from  the  combined  FAMS  and  FASTRAN  tools  thus  replicating  the  P-3  SLAP  TI 
methodology.  FASTRAN  crack  growth  is  plotted  from  0.05"  to  failure  commencing  at  the 
FAMS  initiation  lives  for  a  0.05"  crack  provided  in  Table  28. 


Crack  Growth  for  Double  Ear  Coupon  for  P-3C  FCA361  Spectra 


Figure  41:  Comparison  of  combined  FA  M  S  &  FASTRAN  total  life  predictions  to  the  coupon  crack 
growth  for  FCA  361 
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9.2.2  FCA301 

FASTRAN  analysis  of  the  FCA301  FSFT  and  RAAF  spectra  is  provided  in  Figure  42  which 
also  includes  the  DCPD  coupon  crack  growth  data.  Note  that  the  DCPD  crack  growth  data  has 
again  been  clipped  at  a  threshold  where  the  DCPD  system  was  deemed  to  no  longer  be 
measuring  crack  lengths  accurately.  The  coupon  stress  intensity  solution  used  in  the 
FASTRAN  run  is  provided  in  Appendix  C.  An  initial  crack  length  of  0.00035,/  (0.0089  mm) 
was  determined  by  pegging  the  FASTRAN  prediction  to  the  results  for  the  FSFT  spectra  and 
then  using  the  same  ai  for  each  of  the  other  spectra.  The  crack  limit  (i.e.  amt)  was  set  at  0.12" 
(3.048  mm). 


0  100000  200000  300000  400000  500000  600000  700000 

Hours 


Figure 42:  Coupon  FA  STRAN  A  nalysis  at  FCA 301 


Table  30  summarises  the  unfactored  crack  growth  times  from  the  FASTRAN  analysis.  Table  31 
in  conjunction  with  Figure  43  provides  the  Kn-td  as  well  as  the  time  to  crack  initiation  for  a 
0.05"  flaw.  Table  32  and  Table  33  provide  the  unfactored  and  factored  inspection  thresholds 
and  intervals  for  FCA301  respectively. 


T able 30:  C rack  G rowth  R  esults  for  FCA  301 


ai  =  0.00035" 

acrit  =  0.12" 

Stress  Factor  =  1.0 

Spectrum 

Unfactored  Flight  Hours 

ai  to  0.05" 

ai  to  0.12" 

ai  to  acrit 

CG  Life 

0.05  to  acrit 

CG  Life 

0.12"  to  acrit 

FSFT 

109,817 

- 

115,238 

5,421 

- 

RAAF  AP-3C 

607,094 

- 

610,489 

3,395 

- 

RAAF  P-3C 

215,473 

- 

217,828 

2,355 

- 
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Table31:  Determination  of  the  Test- Demonstrated  Km  (Kn-td)  for  0.05 " 


FSFT 

FASTRAN 

FSFT 

Kn-td 

SFHRS  Defect 
Found  (ttest) 

Crack  Size 
when  found 

ta=test 

ta=0.050 

AtFASTRAN-Attest 

(ta=test“ta=0.05o) 

ta  =  0.050 
(ttest  -  Attest) 

2.31 

106,546 

0.05 

109,817 

109,817 

0 

106,546 

FCA301  Double  Ear  Coupon 


SFHRS 


Figure 43:  FAM  S  FatigueLifeCurves  for  FCA301 


T able  32:  Summary  of  the  U  n  factored  R  esults  for  FCA  301 


U nfactored  Flight  H ours 

Aa 

0.005  to  0.05 

Aa 

0.005  to  0.12 

CG  Life 

CG  Life 

0.05"  Crack 

0.12"  Crack 

Spectrum 

Aa  =  0.05  to 

&crit 

Aa  =  0.12  to 

&crit 

Initiation 

(Hjnit-0.05) 

Initiation 

(Hinit-0.12) 

FSFT 

7,537 

12,958 

5,421 

- 

106,546 

- 

RAAF  AP-3C 

10,229 

13,624 

3,395 

- 

294,000 

- 

RAAF  P-3C 

6,884 

9,239 

2,355 

- 

183,000 

- 

T able 33:  Summary  of  E conomic  and  Safety  T hresholds  for  FCA  301 


Factored  AFHRS 

Spectrum 

Economic  Threshold 
Hinit/2 
(AFHRS) 

Inspection  Intervals 

CG  Life/2 
(AFHRS) 

Total  Life 

tinit+tcG 

(AFHRS) 

Safe  Life 
TL/3 
(AFHRS) 

a  =  0.05 

a  =  0.12 

aNDi  -  0.05 

aNDi  =  0.12 

FSFT 

53,273 

- 

2,711 

- 

111,967 

37,322 

RAAF  AP-3C 

147,000 

- 

1,698 

- 

297,395 

99,132 

RAAF  P-3C 

91,500 

- 

1,178 

- 

185,355 

61,785 
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Figure  44  compares  the  crack  initiation  results  from  the  coupon  tests  and  the  FAMS 
predictions  for  FCA301.  Coupon  results  are  provided  for  a  0.05"  crack.  In  each  plot  the 
coupon  data  Kn  is  determined  by  pegging  the  log  average  FSFT  coupon  result  (for  a  0.05" 
crack)  to  the  FAMS  FSFT  curve. 


FCA301  Double  Ear  Coupon 


Figure44:  Comparison  Plot  of  Coupon  Data  and  FAM  S  Results  for  FC  A  301 


Figure  45  compares  the  crack  growth  results  from  the  FCA  301  coupon  tests  with  the  total  life 
prediction  from  the  combined  FAMS  and  FASTRAN  predictions  as  conducted  by  the  P-3 
SLAP  TI  methodology.  FASTRAN  crack  growth  is  plotted  from  0.05"  to  failure  commencing 
at  the  FAMS  initiation  lives  for  a  0.05"  crack  provided  in  Table  32. 
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DCPD  Coupon  Crack  Growth  for  P-3C  FCA301  Spectra 


Hours 

Figure  45:  Comparison  of  combined  FA  M  S  &  FASTRAN  total  life  predictions  to  the  coupon  crack 
growth  for  FCA301 

9.3  Evaluation  of  Coupon  and  Analytical  Results 

The  FAMS,  FASTRAN  and  combined  FAMS  and  FASTRAN  approaches  to  the  prediction  of 
the  experiments  under  the  FCA  361  spectra  appear  to  be  satisfactory.  The  same  can  be  said  for 
the  FASTRAN  predictions  of  the  established  crack  growth  for  the  FCA  301  spectra;  however 
there  appears  to  be  a  significant  discrepancy  between  the  FAMS  prediction  for  the  FSFT 
spectra  at  FCA  301  and  the  coupon  experiment.  Whilst  the  relative  lives  between  the  P-3C 
spectra  and  the  AP-3C  spectra  appear  consistent,  there  is  a  significant  inconsistency  between 
these  results  and  the  results  for  the  FSFT  spectra.  Essentially  the  relative  severity  or  order  of 
failure  between  the  FSFT  spectra  and  the  other  two  spectra  is  not  correct.  As  a  consequence 
the  results  from  the  FASTRAN-only  life  predictions  and  the  combined  FAMS  and  FASTRAN 
total  life  predictions  are  significantly  different  to  the  experiments. 

So  what  went  wrong  with  the  FAMS  prediction  for  FCA301?  This  issue  needs  further  study. 
Initial  exploration  regarding  alternate  equivalent  strain  equations  and  strain-life  material 
curves  has  not  provided  a  'magic  bullet'  solution  and  so  more  in-depth  investigations  are 
necessary.  It  is  noted  that  the  difference  between  the  first  RAAF  spectra  used  early  on  in  the  TI 
process  to  verify  the  FAMS  calibration  and  the  later  versions  used  to  generate  the  final  results 
was  greater  for  FCA301  than  FCA361.  It  is  also  noted  that  the  difference  between  the  FSFT 
spectra  and  the  RAAF  spectra  is  more  marked  for  FCA  301  than  for  FCA  361,  particularly  in 
mean  stress.  To  assist  with  the  future  investigations  further  coupon  tests  were  run  at  a  higher 
stress  level.  The  stress  augmentation  chosen  was  a  factor  of  1.3,  equivalent  to  the  level  used  in 
the  original  P-3  SLAP  coupon  tests  for  FCA  301.  Figure  46  shows  this  data  and  in  this  figure 
the  coupon  results  are  now  pegged  to  the  FSFT  FAMS  predictions  at  the  higher  stress  level, 
with  the  coupon  test  results  for  the  lower  stress  level  placed  a  factor  of  1.3  lower  on  the  Kn 
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scale.  The  coupon  tests  confirm  that  the  FAMS  prediction  of  a  cross-over  in  severity  between 
the  FSFT  spectra  and  the  RAAF  P-3C  spectra  does  not  occur  at  the  stress  levels  tested.  Recent 
coupon  results  from  the  current  P-3  Group  could  fill  in  more  of  the  picture  but  so  far  only  the 
FSFT  spectra  has  been  tested. 


FCA301  Double  Ear  Coupon  experiment  v  FAMS  predictions 


SFHRS 


Figure  46:  Coupon  tests  at  two  stress  levels  with  data  'pegged'  to  FSFT  predictions  at  upper  stress 
level 

9.3.1  Comparison  against  Test  Interpretation  Results  for  FCA301 

The  change  in  RAAF  spectra  between  the  early  loads  system  used  at  the  time  of  the  FAMS  and 
FASTRAN  tool  calibration  work  and  the  loads  system  used  to  generate  the  final  TI  sequences 
reflected  L-M  efforts  to  correct  and  adjust  the  ground  loads  in  particular  to  better  match  flight 
test  data.  At  FCA301  the  changes  were  significant  enough  to  suggest  that  many  of  the  in-service 
spectra  were  now  more  severe  than  the  spectra  that  had  been  applied  to  the  FSFT  in  the  centre 
wing  area.  This  is  obvious  if  one  compares  the  relative  severity  (relative  crack  initiation  lives) 
between  the  FSFT  and  early  RAAF  P-3  spectra  for  FCA301  from  [20]  (relative  severity  =  1:1.5) 
with  the  FSFT  and  later  RAF  spectra  from  the  TI  for  FCA301-CSS-1  (relative  severity  =  1:0.71)  As 
well  as  pointing  to  the  fact  that  the  FSFT  article  was  probably  being  under-tested  relative  to  fleet 
damage  accrual,  this  significant  change  in  severity  of  the  RAAF  sequences  from  that  used  for 
FAMS  verification  to  that  used  in  the  final  TI  results  reaffirmed  the  need  to  check  that  FAMS 
could  in  fact  predict  that  change. 

If  one  considers  the  lower  batch  of  coupon  results  plotted  in  Figure  46,  these  coupons  were 
run  at  the  same  stress  levels  and  spectra  used  in  the  TI  analysis.  Plotting  the  coupon  results  at 
a  Kn  value  of  3.79  is  in  fact  broadly  consistent  with  Kn  values  used  in  the  various  critical 
features  in  the  centre  wing  area  and  consistent  with  the  Kn-TD  value  derived  from  the  FCA361 
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coupons  of  3.96.  Additionally,  the  theoretical  value  of  Kn  for  the  coupon  design  is  between 
3.84  and  3.57  depending  upon  the  formula  used,  see  [22],  Comparing  the  relative  spectra 
severity  (as  represented  by  Cl  life)  for  a  typical  TI  analysis  feature  at  FCA301  against  the 
recent  coupon  results,  we  can  see  that  in  fact  the  relative  lives  are  in  very  good  agreement,  see 
Table  34. 

T able  34:  R  dative  lives  forTI  FAM  S  predictions  and  coupons  under  FCA  301  spectra 


Spectrum 

0.050"  Crack  Initiation  for 
FCA301-CSS-1 

Kn  =  3.75 

Coupon  test  results 

FAMS 

prediction 

Relative  life 

Crack 

initiation 

Relative  life 

FSFT 

48987 

1 

106,546 

1 

RAAF  P-3C 

35000 

0.71 

77,653 

0.73 

RAAF  AP-3C 

60,600 

1.24 

160,319 

1.5 

These  results  therefore  suggest  that  the  FAMS  predictions  made  in  the  TI  regarding  the 
relative  crack  initiation  lives  are  now  supported  by  experiment.  What  remains,  therefore,  is 
the  confusion  that  can  occur  during  the  'life  pegging'  process  when  the  coupon  lives  cause  the 
resulting  Kn-TD  value  to  depart  significantly  from  the  anticipated  theoretical  value.  This  can 
been  seen  for  the  coupon  results  for  FCA301  were  the  coupon  lives  were  between  2-2.5  times 
longer  than  the  lives  being  experienced  on  the  FSFT  for  the  same  spectra  and  stress  level. 
Whilst  this  difference  in  life  can  be  explained  by  different  manufacturing  processes  on  an 
equivalent  configuration  hole,  the  resulting  shift  of  Kn  from  an  anticipated  value  of  about  3.75 
to  a  value  of  2.31,  compounded  by  the  cross-over  of  FAMS  predicted  spectrum  severity  has 
played  havoc  with  the  pegged  total  life  process. 
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10.  Discussion 

10.1  Comparison  of  Standards:  Safe  Life  and  Inspection  Thresholds 

Table  35  presents  the  safe  lives  or  inspection  thresholds  for  the  RAAF  P-3C  spectrum  derived 
from  the  different  airworthiness  standards  and  their  associated  life  prediction  methodologies 
examined  in  this  report. 


Table  35:  RAAF  P-3C  Inspection  Thresholds/Safe  Lives 


FCA 

FAR  25 

DSTO 

'Economic' 

Def  Stan  00- 
970$ 

JSSG  2006 
USAF 

JSSG  2006 
USN 

Probability 

Analysis 

Total  life/ 3 
as  per  SLAP 
TI 

Fatigue  life 
to  0.050"/ 2 

Life  using 
Safe  S-N 
process 

Crack 

growth  from 
0.050"  /  2 

Fatigue  life  to 
0.010"  /  2 

1/1000 
probability 
from  Fleet 
failure  data 

301-WEB-4 

5,361 

4,050 

12,026 

3,992 

2,950 

14,215 

351-CDN2 

9,414 

10,000 

18,599 

4,120 

8,300 

15,979 

352-PDN-l 

7,319 

9,000 

15,021 

1,978 

7,650 

12,078 

375-PSS-2 

8,986 

7,500 

47,201 

5,980 

3,925 

22,300 

811-1 

248,023 

39,250 

206,564 

332,785 

- 

- 

811-2 

121,022 

81,000 

121,990 

- 

- 

- 

886  -  USN 

17,971 

13,000 

34,306 

10,261 

- 

- 

886  -  Aus 

169,304 

240,000 

142,475 

10,261 

- 

- 

$  Safe  lives  provided  for  material  configuration  which  produced  lowest  stress  scaling  factor 


For  the  wing  FCAs,  the  first  thing  to  notice  is  that  the  FAR  25  based  thresholds  are  not  very 
different  to  the  DSTO  'economic'  threshold,  implying  a  ratio  of  crack  initiation  (0.050")  to  total 
life  of  about  two  thirds.  The  Def  Stan  00-970  based  safe  lives  are  on  the  whole  higher,  with  the 
calculation  for  FCA375  considerably  higher.  The  USN  calculations  of  safe  life,  based  on  crack 
initiation  to  0.010",  are  comparable  to  the  FAR  based  values  in  two  out  of  the  four  FCAs  but 
considerably  shorter  for  the  other  two  FCAs.  The  USAF  preferred  method  of  calculating 
inspection  thresholds  via  crack  growth  from  0.050"  produced  significantly  shorter  values  than 
those  from  the  FAR  approach  used  in  the  DSTO  P-3  SLAP  TI. 

For  the  empennage  locations,  the  Def  Stan  00-970  and  FAR  based  calculations  are  comparable 
for  the  RAAF  spectra.  The  JSSG  2006  crack  growth-based  calculations  are  significantly 
different. 

10.1.1  Scatter  Factors 

In  its  Section  7,  FAR  25.571-1C  lays  out  a  methodology  for  determining  the  appropriate  scatter 
factor  for  a  safe  life  evaluation.  With  all  normal  issues  accounted  for,  the  minimum  scatter 
factor  would  be  expected  to  be  3.  This  value  was  used  in  the  P-3  SLAP  TI. 
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From  the  Def  Stan  00-970  analysis  in  this  report  we  can  see  in  Table  11  and  Table  12  that  the 
safe  S-N  analysis  produced  ratios  of  safe  life  to  mean  life  of  about  5  and  6  for  the  wing 
locations  and  between  6.5  and  12  for  the  empennage  locations.  To  generate  scatter  factors  of 
these  magnitudes  from  the  standard  Def  Stan  00-970  approach  and  using  the  same  probability 
of  1  in  1000  requires  the  following  values  of  "implied"  standard  deviation,  o,  backed  out  from 
the  Bullen  equation; 

Log  SF  =  -t.o  (1+1/n)0-5 

using  n=2  for  one  test  result,  t=3.2905  (probability  of  1/2000  equating  to  1/1000  for  two 
components  per  aircraft)  and  SF  =  6,  then  the  standard  deviation  o=  0.193. 

This  value  can  be  compared  to  the  values  of  standard  deviation  of  between  0.15  and  0.18 
obtained  from  the  in-service  fleet  inspection  data  used  in  the  probability  approach  of 
Section  8.  Given  that  the  values  of  standard  deviation  from  the  probabilistic  data  include  a 
component  of  individual  aircraft  variability  about  the  fleet  mean,  this  suggests  that  the 
implied  standard  deviation  resulting  from  the  application  of  the  safe  S-N  method  to  the  wing 
FCAs  is  appropriately  conservative  but  possibly  overly  high. 

10.1.2  Comparison  against  Fleet  Demonstration 

Being  based  on  measured  fleet  cracking  data,  the  probability  analysis  reflects  the  true  loading 
and  spectrum  environment  of  the  P-3  fleet  as  well  as  the  effects  of  aircraft  build  quality, 
maintenance  and  material  performance.  All  approaches  to  the  determination  of  safe  lives 
using  the  DSTO  TI  process  and  the  results  of  the  FSFT  are  approximations  of  that 
environment.  These  processes  included  one  or  more  of  the  approximations  (sometimes 
deliberately  conservative)  outlined  below; 

(a)  Deliberate  conservatism  in  some  elements  of  the  FSFT  load  spectrum  such  as 
flight  gust  criteria,  and  aircraft  landing  response. 

(b)  The  use  of  the  earliest  crack  from  either  left  or  right  wing  rather  than  perhaps  the 
log  mean  of  the  results  from  two  wings. 

(c)  The  uncertainties  in  the  predictive  abilities  of  tools  such  as  FAMS  and  FASTRAN. 

(d)  The  conservative  performance  of  FASTRAN  under  RAAF  spectra  estimated  to  be 
between  0%  and  25%  based  on  DSTO  P-3  SLAP  coupon  test  results. 

Whilst  the  probabilistic  analysis  itself  carries  some  conservatism  in  the  calculation  of  safe  lives 
as  a  result  of  generally  defaulting  to  the  conservative  end  of  the  range  of  standard  deviations 
derived  from  the  fleet  data  (a  value  of  0.18  was  typically  used),  the  above  conservative 
elements  of  the  TI  process  still  result  in  fleet  data-based  values  of  safe  life  that  are  higher  than 
all  the  prediction  approaches.  In  normal  circumstances,  fleet-sourced  data  of  cracking  beyond 
a  designated  safe  life  point  is  not  usually  available,  particularly  of  course  for  single  load  path 
uninspectable  structure  that  exists  on  fighter  type  aircraft  where  such  data  only  arrives  from 
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the  dangerous  situation  of  a  complete  over  estimation  of  the  true  safe  life1.  Ordinarily, 
therefore,  the  amount  of  conservatism  included  in  the  fatigue  life  estimation  for  a  particular 
aircraft  type  is  simply  not  known.  In  the  case  of  the  P-3  SLAP  the  existence  of  fleet  inspection 
data  is  thus  a  bonus,  and  in  the  first  case  gives  comfort  that  the  whole  P-3  SLAP  testing  and 
analysis  process  had  not  led  to  unconservative  life  estimation. 


In  the  P-3  SLAP  TI  and  SMP  processes,  the  conservatism  in  the  original  calculations  of 
inspection  threshold  in  the  TI  were  seen  by  the  operator  and  regulator  as  materially  and 
unnecessarily  increasing  the  cost  of  the  maintenance  burden.  The  fleet  data  was  thus  used  to 
allow  the  thresholds  to  be  extended,  with  the  analysis  and  justification  contained  in  the 
subsequent  DSTO  developed  structural  maintenance  plan.  An  increase  in  the  threshold  of 
about  30%  was  seen  as  worthwhile  pursuing  from  a  fleet  cost  of  ownership  basis. 


The  probabilistics-based  extension  of  calculated  inspection  thresholds  used  in  the  P-3  SLAP 
SMP  would  be  similarly  valid  for  predictions  based  on  the  Def  STAN  00-970,  JSSG  (USN) 
approaches.  An  inspection  extension  for  the  USAF  crack  growth  based  approach  would  not  be 
consistent  with  its  damage  tolerance  philosophy  as  that  approach  links  the  initial  inspection  to 
crack  growth  from  a  set  0.050".  Of  interest,  the  Def  Stan  00-970  values  are  at  first  glance  the 
closest  to  the  probability  analysis  results  from  the  fleet  failure  data,  despite  the  generous 
scatter  factors  imbedded  in  the  analysis.  A  prediction  of  twice  the  fleet  based  safe  life  value  for 
FCA375  could  not  be  regarded  as  a  safe  prediction  however. 

10.2  Comparison  of  Standards:  Inspection  Intervals 

The  following  table  provides  the  inspection  intervals  under  the  RAAF  P-3C  spectrum. 

Table 36:  RAAF  P-3C  Inspection  Intervals  from  0.05" except  for  *  where  aNDi  =  0.12 


FCA 

FAR  25 

Def  Stan  00- 
970 

JSSG  2006 
USAF 

JSSG  2006 
USN 

301-WEB-4 

3,992 

2,661 

3,992 

3,992 

351-CDN2 

4,120 

2,747 

4,120 

4,120 

352-PDN-l 

1,978 

1,319 

1,978 

1,978 

375-PSS-2 

5,980 

3,987 

5,980 

5,980 

811-1 

332,785 

221,857 

332,785 

332,785 

811-2 

100,533 

67,022 

- 

- 

886  -  USN 

13,957 

9,305 

10,261* 

10,261* 

886  -  Aus 

13,957 

9,305 

10,261* 

10,261* 

The  major  point  of  difference  is  the  use  of  a  factor  of  three  in  the  Def  Stan  00-970  process 
versus  the  factor  of  two  used  within  all  the  other  processes.  For  FCA  811-2,  the  JSSG  2006 
based  approach  is  affected  by  the  acrit  =  aNDi  issue  identified  in  Section  6.2.1  For  FCA  866,  the 
different  intervals  are  the  result  of  using  different  aNDi  values.  An  aNDi  of  0.12  is  mandated  in 
JSSG  2006  for  the  FCA  886  surface  feature. 


1  Another  possibility  is  the  removal  and  continued  cycling  under  test  of  retired  components. 
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10.3  Comparison  of  M  ethods: Total  Life 

A  number  of  different  methods  were  examined  in  this  report  for  the  prediction  of  total  life;  EBA, 
crack  growth  from  an  initial  flaw  via  FASTRAN,  and  the  total  life  method  used  in  the  DSTO  P-3 
SLAP  TI  which  combined  F AMS  and  FASTRAN  predictions.  The  method  of  calculating  total  life 
followed  the  TI  process,  i.e.  calibration  of  tools,  pegging  to  coupon  or  FSFT  results  under  USN 
85th  percentile  spectra  and  then  prediction  of  life  under  RAAF  spectra.  The  predictions  for  each 
method  can  be  compared  using  the  recent  coupon  results  and  in  one  case,  a  crack  from  the 
wing/ fuselage  FSFT.  The  comparisons  are  shown  in  Table  37. 


T  able  37:  Comparison  of  Experimental  and  Predicted  Lives  from  various  methods  for  FCA  361 


Experiment 

Spectra 

Prediction 

Method 

Report 

Section 

Experiment 

Life 

Analytical 

Life 

%  diff  of 
anal  to  Exp. 

NLR  Kt=5 
Coupons 

FCA361 

RAAF 

EBA  (m=2) 

8.2 

40968 

16312 

-60% 

FSFT  wing 
spar  cap 

USN  85% 

EBA  (m=2) 

8.3 

16785 

10026 

-40% 

DSTO  Kt=5 
Coupons 

FCA361 

P-3C 

FAMS  + 
FASTRAN 

9.1  and  9.2 

44610 

40792 

-8.5% 

FASTRAN 

Only 

46311 

3.8% 

FCA361 

AP-3C 

FAMS  + 
FASTRAN 

51935 

60059 

16% 

FASTRAN 

only 

65025 

25% 

The  comparison  of  total  life  to  model  predictions  at  FCA361  shows  that  the  EBA  performed 
poorly  both  for  the  coupon  trial  and  for  the  FSFT  crack.  Difficulties  in  using  the  EBA  for  the 
P-3C  spectra  have  been  noted  and  reported  before  in  [11]  and  is  a  result  of  the  stress  level  and 
spectral  content  of  the  P-3  load  spectra  which  often  results  in  a  period  of  'initiation'  or  slower 
initial  crack  growth  that  is  not  proportional  to  the  subsequent  rate  of  established  crack 
growth.  The  simplified  crack  growth  rate  equation  used  by  EBA  of; 


da 
d B 


■  ff 


where  CB  and  mB  are  spectrum- specific  material  constants 


in  which  the  block-by-block  crack  growth  life  prediction  is  dependent  on  a  single  constant  and 
a  single  exponent  to  represent  the  full  genesis  and  growth  history  of  the  crack  cannot  thus 
model  all  types  of  crack  growth  seen  on  the  P-3.  The  necessity  of  dividing  the  P-3 15,000  hour 
spectra  into  sub-blocks  does  not  prevent  an  EBA  type  analysis  but  does  add  to  the  uncertainty 
associated  with  the  derived  rate  parameters.  One  can  also  conclude  from  the  coupon  results 
shown  in  Figure  28  that  the  model  derived  value  of  initial  crack  size  is  not  independent  of 
spectra,  a  situation  contrary  to  the  necessary  assumption  in  the  EBA  process  that  initial  crack 
size  is  spectra  and  stress  level  independent.  Figure  30  also  demonstrates  a  potentially  difficult 
issue  with  fractography  of  cracks  in  transport  aircraft;  the  significant  time  period  between 
zero  hours  and  the  first  reliable  fractographic  readings.  The  crack  examined  here  was  in  fact 
an  early  failure  under  the  severe  FSFT  spectrum.  Even  so,  its  analysis  necessitated  a  back 
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projection  significantly  longer  than  was  needed,  for  example,  in  the  original  F/A-18  EBA 
work,  giving  rise  to  questions  about  the  robustness  of  the  ao  values  that  are  derived  as  a  result. 
The  above  observations  are  valid  for  one  wing  location  and  for  FSFT  and  coupon  results  for 
no  more  than  two  spectra.  Different  material  and  transport  aircraft  spectra  may  or  may  give 
better  fractographic  results,  but  equally,  other  P-3  wing  spectra  such  as  FCA301  also  show 
delayed  initiation. 

The  FAMS  and  FASTRAN  predictions  in  the  TI  for  the  final  sequences  for  FCA361  and 
FCA301  are  true  blind  predictions  of  the  DSTO  coupon  results  that  were  obtained  three  years 
later.  The  results  for  FCA361  give  confidence  in  the  DSTO  TI  methodology  of  a  combined 
FAMS  and  FASTRAN  life  prediction  for  these  previously  un-tested  spectra  used  in  the  TI.  The 
FASTRAN-only  predictions  also  show  promise,  with  perhaps  the  prediction  for  AP-3C  a  little 
outside  a  desirable  10-20%  maximum  error  band.  As  the  derivation  of  initial  crack  size  is 
crucial  to  the  FASTRAN  prediction,  confidence  in  the  robustness  of  the  FASTRAN-only  total 
life  predictions  will  rest  on  building  confidence  in  the  selection  of  an  appropriate  ao  and  the 
consistent  performance  of  FASTRAN  at  the  very  lowest  crack  growth  rates. 

The  results  for  FCA301  are  not  included  in  Table  37  due  to  the  unresolved  issues  related  to  the 
FAMS  predictions  as  discussed  in  Section  9.3.  Whilst  that  analysis  concludes  that  the  latest 
coupon  results  verify  that  the  FAMS-derived  relative  spectrum  severities  used  in  the  TI  are 
reasonable,  the  results  also  expose  a  significant  issue  with  Kn-TD  'pegging'  and  so  further  work 
needs  to  be  done  to  explore  the  issue. 

10.4  Comparison  of  M ethods:  Crack  G rowth  Life 

A  comparison  of  experimental  and  predicted  crack  growth  lives  is  provided  in  Table  38.  For 
the  prediction  of  a  crack  growth  interval,  the  EBA  method  performed  well  for  the  coupons  but 
less  well  for  the  FSFT  crack.  The  method  would  need  to  be  further  examined  to  see  if  the 
result  could  be  improved  for  this  particular  situation.  The  FASTRAN  predictions  for  the  P-3C 
spectra  were  also  good,  but  for  the  AP-3C  spectra  the  results  suggest  an  undesirable 
conservatism  consistent  with  the  original  concerns  regarding  the  DSTO  TI  results.  The  results 
suggest  effort  to  reduce  the  conservatism  would  provide  pay-off  to  the  RAAF  P-3  fleet. 


T  able  38:  Comparison  of  Experimental  and  Predicted  Crack  Growth  Lives  from  various  methods 


Experiment 

Spectra 

Prediction 

Method 

Report 

Section 

Experiment 
CG  Life 

Analytical 
CG  Life 

%  diff  of 
anal  to  Exp. 

NLR  Kt=5 
Coupons 

FCA361 

RAAF 

EBA  (var. 
methods) 

8.2 

7444 

6647  -  7890 

-11  -  6% 

FSFT 

USN  85% 

EBA  (var. 
methods) 

8.3 

2905 

3606  -  5279 

24  -  82% 

DSTO  Kt=5 
Coupons 

FCA361 

P-3C 

FASTRAN 

9.1  and  9.2 

3934 

4292 

9% 

FCA361  AP- 
3C 

FASTRAN 

6462 

5559 

-14% 

FCA301 

P-3C 

FASTRAN 

9.1  and  9.2 

2408 

2355 

-2% 

FCA301 

AP-3C 

FASTRAN 

4957 

3395 

-32% 
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11.  Conclusion  &  Applicability 


11.1  Conclusion 

The  experimental  and  analytical  results  available  from  the  P-3  SLAP  provided  an  opportunity 
to  examine  the  effects  of  applying  different  airworthiness  standards  and  their  associated 
different  lifing  methodologies  on  in-service  structural  management  actions. 

The  comparison  of  safe  life  and  inspection  threshold  calculations  showed,  perhaps 
unsurprisingly,  considerable  variation  between  approaches.  For  the  wing  locations  no 
approach  could  be  regarded  as  unsafe  when  compared  against  fleet  data,  although  the  Def 
Stan  00-970  result  for  FCA375  needs  further  examination  and  perhaps  refinement.  The  USAF 
damage  tolerance  approach  based  on  crack  growth  from  0.050"  generally  provided  the 
shortest  inspection  thresholds,  being  less  than  a  third  of  the  FAR  25  values  in  one  case.  Given 
the  historical  performance  of  the  P-3  and  other  similar  aircraft  such  as  C130,  where  the 
structural  design  is  typically  multi-load  path  and  the  materials  used  are  conventional,  early 
failure  from  large  flaws  has  not  been  exposed  as  an  issue  for  these  aircraft  and  it  is  hard  to  see 
justification  for  adopting  this  conservative  (and  therefore  expensive)  approach.  This  is  not  at 
odds  with  the  emerging  consensus  in  the  structural  integrity  community  that  the  adoption  of 
damage  tolerance  has  been  most  successful  in  controlling  aspects  of  the  design  of  new  aircraft 
such  as  stress  levels  and  inspectability,  but  its  usefulness  as  a  means  of  managing  legacy 
conventional  multi-load  path  structures  is  more  limited. 

For  the  empennage  locations,  the  application  of  the  augmented  load  sequence  to  the  test 
article  was  successful  in  that  it  generated  the  test  failures  that  were  necessary  to  fully  evaluate 
the  life  of  structure  and  allow  the  application  of  the  Def  Stan  00-970  advocated  safe  S-N 
approach  without  the  need  for  "supplementary  evidence"  to  clear  the  structure.  From  the 
analysis  of  the  empennage  failures,  the  Def  Stan  00-970  and  FAR  25  based  approaches 
produced  comparable  values  of  Safe  Life/ inspection  threshold  and  it  is  likely  that  if  the  test 
was  not  extended  to  reveal  these  failures  the  resulting  inspection  burden  would  have  been 
more  extensive  in  order  to  cover  the  otherwise  uncertainty  in  failure  location. 

The  major  point  of  difference  between  the  various  airworthiness  standards  with  regard  to  the 
calculation  of  inspection  intervals  is  the  use  by  Def  Stan  00-970  of  a  factor  of  3  verses  a  factor  of  2 
for  the  other  approaches.  The  underlying  justification  for  the  larger  factor  in  Def  Stan  00-970 
could  be  pursued  further  with  the  UK  MoD.  Certainly  the  coupon  results  in  the  P-3  program 
suggest  that  established  crack  growth  has  lower  scatter  than  the  period  of  crack  'initiation'. 

The  comparison  of  the  latest  coupon  results  to  the  earlier  predictions  of  total  life  for  FCA361 
confirms  that  the  FAMS  and  FASTRAN  results  can  be  used  with  confidence  in  the  P-3  SLAP 
TI  for  this  location.  FASTRAN  can  also  be  used  with  confidence  for  the  inspection  interval 
calculations;  however  the  predictions  for  the  AP-3C  sequence  showed  the  same  15-30% 
conservatism  that  was  also  seen  in  some  of  the  original  coupon  verification  work  as  part  of  the 
TI.  Improvements  to  the  FASTRAN  model  and  the  associated  material  data  would  be  of  help 
in  any  program  seeking  to  remove  unnecessary  in-service  maintenance  costs. 
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The  FAMS  predictions  in  the  TI  for  FCA  301  were  consistent  with  experimental  results  in 
terms  of  relative  crack  initiation  life.  This  is  an  important  result  given  the  significant  change  in 
RAAF  spectrum  severity  between  the  spectra  used  for  initial  tool  verification  and  the  final 
spectra  used  in  the  TI.  However,  the  Kn_xD  pegging  process  required  significant  adjustment  in 
the  Kn  from  the  anticipated  theoretical  value  in  order  to  accommodate  the  longer  coupon  lives 
and  this  shift  was  confounded  by  the  cross-over  of  the  FAMS  life  prediction  curves  for  the 
FSFT  and  RAAF  P-3C  spectra.  Inaccurate  total  life  predictions  for  the  coupons  were  produced 
as  a  result.  Initial  exploration  of  the  problems  has  not  identified  a  solution  and  further 
investigations  are  now  warranted. 

The  use  of  FASTRAN  as  a  total  life  predictor  also  showed  promise  but  these  results  need  to  be 
balanced  against  other  results  provided  in  [21]  which  were  less  consistent.  Nevertheless,  with 
improvements  to  the  performance  of  the  model  and  in  the  underlying  material  data  at  very 
small  crack  sizes,  it  might  be  possible  for  FASTRAN  to  produce  reliable  total  life  predictions. 
The  EB A  results  for  total  life  prediction  show  that  this  more  simple  method  is  not  likely  to  be 
suited  to  the  types  of  stress  levels  and  spectra  associated  with  transport  aircraft,  although 
calculations  of  inspection  intervals  are  more  likely  to  be  reliable. 

11.2  Statement  of  Applicability 

This  report  provides  results  of  analyses  of  outputs  from  the  application  of  a  number  of  lifing 
standards  that  have  used  data  relating  to  P-3  aircraft  with  a  combination  of  spectra,  critical 
features  and  stress  levels  typical  for  a  transport  type  aircraft. 

This  report  demonstrates  that  alternative  approaches  (both  standards  and  methods),  when 
applied,  have  the  potential  to  yield  a  range  of  outcomes.  Unsurprisingly,  these  alternative 
approaches  will  likely  be  more  conservative,  or  less  conservative,  than  the  baseline  result 
obtained  by  the  original  design  standard.  The  level  of  safety  attained  by  application  of  any 
particular  combination  of  standard  and  method  is  notional  at  best;  however  real  cost  of 
ownership  and  availability  benefits  or  penalties  can  result  from  the  choice  of  standard. 
Selective  use  of  particular  features  from  different  standards  is  not  recommended  however;  as 
standards  have  generally  been  developed,  applied,  and  proven  over  time  as  complete 
"packages".  Changing  or  mixing  methods  from  different  standards  should  always  be 
undertaken  with  the  utmost  care. 

While  the  end  result  of  this  comparison  is  demonstrated  differences  in  hours  for  Safe  or  Total 
Life,  Inspection  Threshold  and  Inspection  Frequency,  there  is  no  attempt  to  normalise  or 
specifically  select  input  variables  to  achieve  a  particular  outcome.  The  demonstrated  variation 
in  outputs,  when  using  each  standard  and  method  described  in  this  Report,  results  from  an 
"as  is"  interpretation  of  a  standard.  Specifically,  there  is  no  attempt  to  achieve  a  common 
probability  of  failure  -  despite  DEF  STAN  00-970  and  the  Probabilistic  fleet  analysis  targeting 
a  notional  1 / 1000  probability  of  failure.  Nor  have  the  assumptions  or  judgements  permitted 
by  some  of  the  standards,  that  result  in  setting  of  safety  factors  (etc.),  been  aligned  between 
the  standards  (even  if  this  were  possible).  Consequently,  this  comparison,  at  best, 
demonstrates  that  there  is  a  potential  for  differences  when  using  different  standards.  The 
results,  which  are  manifested  as  differences  in  flight  hours  to  inspection  threshold,  total  life, 
etc.  are  by  no  means  absolute;  whether  they  could  be  considered  as  indicating  differing  levels 
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of  safety  relative  to  each  other  requires  further  exploitation  of  the  methods  within  each 
standard  to  assess  inherent  conservatisms  (or  non-conservatisms)  and  their  limitations  in 
application. 

This  report  does  not  advocate  the  use  of  one  airworthiness  standard  over  another  for  the  in- 
service  fatigue  life  management  of  military  transport  aircraft.  Equally  none  of  the  current  tools 
can  be  considered  "best"  for  all  situations.  Additionally,  it  should  not  be  presumed  that  any 
tool  will  automatically  be  satisfactory  for  any  new  situation.  Assessment  in  accordance  with 
the  methodology  of  this  current  work  may  provide  a  limited,  but  useful,  comparison  with  the 
results  from  the  original  design  standard  and  lifing  methodology.  As  more  data  are  collected 
on  platforms  it  may  indeed  prove  possible  to  use  the  methodology  of  this  work  more 
regularly  to  assess  lifing  across  a  number  of  standards  -  whence  a  degree  of  consistency  may 
provide  greater  confidence  in  lifing  predictions. 

Generally,  the  use  of  a  standard  and  methodologies  compatible  with  that  invoked  during 
design  and  then  adopted  as  the  Certification  Structural  Design  Standard  (i.e.  in  subsequent 
ADF  certification)  will  be  the  most  appropriate 
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Appendix  A:  P-3  Case  Studies  Critical  Locations 

A.l.  FCA301-WEB-4 

FCA301-WEB-4  is  located  on  the  lower  outer  wing  spar  web,  and  is  related  to  cracking  in 
fastener  holes  common  to  the  front  spar  cap,  just  outboard  of  the  centre  wing/ outer  wing 
splice.  This  location  is  shown  in  Figure  A-  1. 


Figure  A  - 1:  Location  ofFCA301-WEB-4 

This  location  was  found  cracked  on  both  the  LH  and  RH  wings  of  the  FSFT  article  at  wing 
station  (WS)  72.  Cracking  was  detected  at  the  same  time  (33,298  test  hours),  however,  the  RH 
wing  had  been  subjected  to  an  additional  10,988  AFHRS  of  pre-test  usage.  Cracking  on  the  LH 
wing  was  more  significant  with  a  0.941"  single  edge  crack.  A  summary  of  the  FSFT  cracks 
found  at  this  FCA  is  provided  in  Table  A-l. 

Table  A -1:  FCA301-WEB-4  FSFT  Results 


Finding 

No. 

FS 

WS 

HoleDia. 

(inch) 

Crack  Length 
(inch) 

Hours 

1552 

571 

72.5  L 

0.25 

0.941 

38,000 

1540 

571 

72.5  R 

0.25 

0.75 

48,988 
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Fleet  inspections  have  been  undertaken  by  the  USN  on  63  aircraft  in  this  region.  A  very 
significant  crack,  measuring  1.5"  was  found  in  the  lower  hole  of  the  web  at  WS  72.  A  summary 
of  the  fleet  cracks  found  at  this  FCA  (from  WS  65  to  WS  83)  is  provided  in  Table  A-2. 


Table  A  -2:  FCA  301-W  EB-4  Fleet  Inspection  Results 


Fleet  Findings  (Nov  2005)  within  FCA301-WEB-4 

Source 

Aircraft 

Inspect. 

Aircraft 

with 

Cracks 

Length 

(inch) 

Number 
of  Cracks 

Station 

Time 

(AFHRS) 

USN  (20) 

63 

12 

<0.03 

2 

WS  83 

4,435 

<0.03 

14 

WS  70  -  83 

14,300  - 19,744 

0.05  -  0.13 

3 

WS  67  -  79 

13,409  - 17,380 

1.5 

1 

WS  72 

17,839 

A.2.  FCA351-CDN-2 

FCA351-CDN-2  is  concerned  with  cracking  of  the  front  lower  spar  cap  at  the  inboard  nacelle 
fillet  fairing  Dome  Nut  Hole  (DNH)  common  to  the  fillet  fairing,  lower  wing  panel  1  and  the 
lower  spar  cap  at  WS  156.  A  diagram  of  this  location,  illustrating  the  cracking,  is  included  as 
Figure  A-  2. 


Figure  A-  2:  Location  ofFCA351-CDN-2 

There  was  only  one  crack  discovered  on  the  FSFT  in  this  location.  This  crack  was  detected 
during  inspections  on  the  RH  wing  after  22,601  SFHRS  (includes  10,988  hours  of  in-service 
usage).  The  test  continued  without  modification,  and  the  crack  was  monitored  and  allowed  to 
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grow.  The  crack  progressed  from  a  0.15"  single  edge  crack  to  a  0.72"  double  edge  crack  by 
27,773  SFHRS  when  the  lower  front  spar  between  WS  134  and  WS  249  was  cut  from  the 
structure  and  a  replacement  splice  was  inserted.  No  cracking  was  detected  on  this 
replacement  structure,  or  the  LH  wing  (38,000  SFHRS).  A  summary  of  the  crack  findings  is 
included  in  Table  A-3. 

Table  A  -3:  FCA351-CDN-2  FSFT  Results 


Finding 

No. 

FS 

WS 

HoleDia. 

(inch) 

Crack  Length 
(inch) 

Hours 

1337 

571 

156  R 

0.25 

0.151 

22,601 

1  Single  edge  crack  continued  to  grow  to  a  0.72"  double  edge  crack  by  the  time  the  RH  outer  wing  front  spar  lower 
cap  between  WS  134  &  WS  249  was  replaced  at  27,773  SFHRS. 

Fleet  inspections  at  this  location  have  been  undertaken  by  the  USN  and  the  RAAF  with  a  total 
of  six  aircraft  having  cracks.  These  findings  are  summarised  in  Table  A-4. 


Table  A -4:  FCA351-CD  N -2  Fleet  Inspection  Results 


Fleet  Findings  (Nov  2005)  within  FCA351-CDN-2  ] 

Source 

Aircraft 

Inspect. 

Aircraft 

with 

Cracks 

Length 

(inch) 

Number 
of  Cracks 

Station 

Time 

(AFHRS) 

USN  (3) 

30 

3 

<0.03 

3 

WS  155 

12,854  -  20,587 

USN  AEB  (3) 

41 

3 

Small 

2 

WS  155 

Unknown 

Large 

1 

WS  155 

Unknown 

RAAFS76  (0) 

5 

0 

- 

0 

- 

- 

75 


DSTO-TR-2418 


A  .3.  FCA352-PDN-1 

FCA352-PDN-1  pertains  to  the  lower  wing  inboard  fillet  fairing  DNHs  on  the  inboard  nacelle 
located  at  WS 160.  This  FCA  does  not  include  the  first  DNH  which  is  common  to  the  front  spar 
cap,  as  this  is  covered  by  FCA351-CDN-2.  The  location  of  this  FCA  is  shown  in  Figure  A-  3. 


MS20470AD3  Rivels 


Figure  A-  3:  Location  ofFCA352-PDN-l 

Extensive  cracking  in  this  region  was  discovered  on  the  FSFT  after  16,785  hours  of  testing. 
Cracking  was  discovered  in  both  the  LH  and  RH  wings,  with  the  RH  wing  having  undergone 
10,988  hours  of  pre-test  usage,  while  the  LH  structure  was  new  at  the  start  of  testing.  A 
summary  of  the  cracks  detected  is  provided  in  Table  A-5. 
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Table  A -5:  FCA352-PDN-1  FSFT  Results 


Finding 

FS 

WS 

HoleDia. 

Crack  Length 

Hours 

No. 

(inch) 

(inch) 

1362 

576 

157  L 

0.27 

0.164 

16,785 

1363 

596 

160  L 

0.27 

0.13 

16,785 

1350 

576 

157.5  R 

0.27 

1.49 

27,773 

1351 

580 

157.7  R 

0.27 

0.99 

27,773 

1352 

584 

158.2  R 

0.27 

0.82 

27,773 

1353 

588 

158.7  R 

0.27 

1.34 

27,773 

1354 

592 

159  R 

0.27 

1.03 

27,773 

1355 

596 

159.4  R 

0.27 

1.04 

27,773 

At  this  point  in  time,  several  of  the  larger  DNH  cracks  on  the  RH  wing  were  cut  from  the 
structure,  and  doubler/ tripler  repairs  applied  to  the  entire  region  of  the  inboard  nacelle 
inboard  fillet  fairing.  Force-tec  retainers  were  installed  in  the  RH  DNHs  and  the  satellite  holes 
were  split  sleave  cold  worked.  The  cracks  on  the  LH  wing  were  stop-drilled,  and  repair 
doublers/ triplers  applied  to  the  entire  region.  No  further  cracking  was  found  during  testing 
or  teardown,  however  due  to  the  extensive  repairs  applied,  the  loading  on  these  fasteners  was 
no  longer  representative  of  in-service  structure. 

Fleet  inspections  at  the  inboard  nacelle  DNHs  have  been  undertaken  by  the  USN  and  the 
RAAF.  Significant  findings  of  fatigue  cracking  have  been  recorded,  and  the  results  are 
summarised  in  Table  A-6. 


Table  A -6:  FCA352-PDN-1  Fleet  Inspection  Results 


Fleet  Findings  (Nov  2005)  within  FCA352-PDN-1  | 

Inspection 

program 

Aircraft 

Inspect. 

Aircraft 

with 

Cracks 

Length 

(inch) 

Number 
of  Cracks 

Station 

Time 

(AFHRS) 

USN  (55) 

64 

28 

<0.03 

2 

WS  155  - 161 

4,435 

<0.03 

36 

WS  155  - 161 

12,550  -  20,224 

0.04  -  0.06 

8 

WS  156  - 167 

13,409  - 19,020 

0.12  -  0.25 

9 

WS  156  - 167 

12,518  - 19,290 

USN  AEB 
(94) 

41 

21 

Large 

12 

WS  156 

Unknown 

Small 

77 

WS  156 

Unknown 

X  Small 

5 

WS  156 

Unknown 

RAAF  S76  (0) 

5 

0 

- 

0 

- 

- 
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A  .4.  FCA375-PSS-2 


FCA375-PSS-2  is  concerned  with  cracking  in  lower  wing  panel  3  of  the  panel  2/3  splice 
between  the  inboard  and  outboard  engine  nacelles.  Only  cracks  between  WS  239  to  311  were 
considered.  This  location  is  shown  in  Figure  A-  4. 


WS  WS  WS  WS 

311.0  329.0  346.0  363.0 


Figure  A  ■  4:  Location  of  FCA375-PSS-2 

No  cracks  were  discovered  at  this  location  during  testing.  On  teardown,  extensive  cracking 
was  found  in  the  RH  wing  with  a  total  of  31  cracks,  ranging  from  0.052"  to  0.998".  No  cracks 
were  discovered  in  the  LH  wing,  which  was  not  subjected  to  in-service  usage.  A  summary  of 
the  FSFT  cracks  is  included  in  Table  A-7. 
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Table  A -7:  FCA375-PSS-2  FSFT  Results 


Finding 

No. 

FS 

WS 

HoleDia. 

(inch) 

Crack  Length 
(inch) 

Hours 

1096 

600 

243  R 

0.187 

0.147 

48,988 

1097 

600 

244  R 

0.186 

0.192 

48,988 

1098 

600 

245  R 

0.188 

0.232 

48,988 

1099 

600 

249  R 

0.189 

0.209 

48,988 

1510 

600 

301.5  R 

0.185 

0.339 

48,988 

1511 

600 

300  R 

0.185 

0.161 

48,988 

1512 

600 

299  R 

0.185 

0.471 

48,988 

1513 

600 

297  R 

0.185 

0.542 

48,988 

1514 

600 

296  R 

0.185 

0.175 

48,988 

1516 

600 

289  R 

0.185 

0.168 

48,988 

1517 

600 

288  R 

0.185 

0.312 

48,988 

1519 

600 

285  R 

0.185 

0.198 

48,988 

1520 

600 

284  R 

0.185 

0.203 

48,988 

1521 

600 

283  R 

0.185 

0.052 

48,988 

1522 

600 

282  R 

0.185 

0.321 

48,988 

1523 

600 

282  R 

0.185 

0.303 

48,988 

1524 

600 

281  R 

0.185 

0.996 

48,988 

1525 

600 

280  R 

0.185 

0.77 

48,988 

1526 

600 

278  R 

0.185 

0.086 

48,988 

1528 

600 

270  R 

0.185 

0.083 

48,988 

1529 

600 

270  R 

0.185 

0.054 

48,988 

1532 

600 

268  R 

0.185 

0.157 

48,988 

1534 

600 

266  R 

0.185 

0.259 

48,988 

1536 

600 

264  R 

0.185 

0.159 

48,988 

1538 

600 

262  R 

0.185 

0.484 

48,988 

1539 

600 

261  R 

0.185 

0.132 

48,988 

1541 

600 

260  R 

0.185 

0.285 

48,988 

1543 

600 

259  R 

0.185 

0.348 

48,988 

1546 

600 

254  R 

0.185 

0.154 

48,988 

1549 

600 

252  R 

0.185 

0.381 

48,988 

1551 

600 

250  R 

0.185 

0.238 

48,988 

A  total  of  12  USN  aircraft  have  had  the  panel  2/3  splice  inspected  in  this  region  as  part  of 
teardown  or  replaced  part  inspections.  Four  of  these  aircraft  had  cracks  reported.  However,  all 
of  these  cracks  were  minor  crack  indications  measuring  0.03"  or  less.  A  summary  of  the 
cracking  reported  is  in  Table  A-8. 


Table  A -8:  FCA375-PSS-2  Fleet  Inspection  Results 


Fleet  Findings  (Nov  2005)  within  FCA375-PSS-2  | 

Source 

Aircraft 

Inspect. 

Aircraft 

with 

Cracks 

Length 

(inch) 

Number 
of  Cracks 

Station 

Time 

(AFHRS) 

USN  (19) 

l2i 

4 

<0.03 

19 

WS  240  -  307 

16,905  -  20,224 

1  Note  that  one  aircraft  only  had  one  wing  inspected  and  another  aircraft  was  only  inspected  up  to  WS  293. 
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A  .5.  FC  A  811-1 

FCA811-1  is  a  structural  detail,  including  fastener  holes,  in  the  vertical  stabiliser  front  spar  cap 
at  the  root,  see  Figure  A-  5  and  Figure  A-  6. 


Vertical 
Stabilizer 
Front  Spar 
Assy. 


Deep  Frame  at  FS  1 150.7 
(view  looking  forward) 


LHS 


Figure  A  -  5:  Location  ofFCA  811-1 


There  was  no  cracking  detected  on  the  USN  test  article  in  this  region.  Cracking  was  detected 
on  the  Australian  test  article,  and  the  details  are  presented  in  Table  A-9. 

Table  A -9:  FCA811-1  FSFT  Results 


Defect  No. 

FS 

BL 

HoleDia. 

(inch) 

Crack  Length 
(inch) 

Hours 

52 

1150.7 

hr 

n/  a 

0.59i 

45,000 

53 

1150.7 

hr 

n/a 

0.1 

60,000 

1  Crack  was  1.65"  after  46,478  hours  of  testing. 

There  have  been  no  reported  inspections  of  this  location  for  fatigue  cracks  by  any  of  the  P-3 
SLAP  partners. 
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JD/fi/Mflfl 


Hole  7 


RMS  V-SM*  Pinnl  Sp*rOp 
Defect  (till.  Tig  #194,  Pirt  #906057-2 
View  looking  up 


FCA811 


Location  of  ^dating 

crack  lips  in _ 

Front  Spar  Cap 
(»e  FNR199) 


Location  of 

crack  tip* 


RHB  V.Stab  Front  Spar  Cap 

View  looking  up  and  outboard 


up"-! 

Inbd ' 


P/N  906057-2  RHS  Lower  V-Stata  Front  Spar  Cap 
Arrows  indicate  crack  (Length  =  1.65") 

View  looking  forward 


Figure  A  -  6:  Photographs  of  the  cracking  discovered  at  FCA  811  (both  811-1  and  -2) 
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A  .6.  FC  A  811-2 

FCA811-2  details  the  vertical  stabiliser  front  spar  cap  at  the  aft  flange  runout  radius,  see 
Figure  A-  7. 


Figure  A  -  7:  Location  ofFCA  811-2 

There  was  no  cracking  detected  on  the  USN  FSFT  article  at  this  location.  Two  cracks  were 
found  on  the  Australian  test  article  with  the  details  presented  in  Table  A-10. 

Table  A  -10:  FCA  811-2  FSFT  R  esults 


Defect  No. 

FS 

BL 

HoleDia. 

(inch) 

Crack  Length 
(inch) 

Hours 

114 

1150.7 

hr 

n/a 

3.5  (severed) 

46,478 

56 

1150.7 

11  L 

n/a 

0.21" 

60,000 

There  have  been  no  reported  inspections  of  this  location  for  fatigue  cracks  by  any  of  the  P-3 
SLAP  partners. 
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A -7.  FCA886 

FCA886  is  located  at  the  root  of  the  RH  horizontal  stabiliser  upper  rear  spar  cap.  FCA885  is 
located  at  the  same  point,  but  on  the  LH  side.  Due  to  the  different  loading,  these  locations 
were  identified  separately.  This  location  is  shown  in  Figure  A-  8. 


Figure  A  -  8:  Location  of  FC  A  886 


No  cracks  were  detected  at  this  location  during  cycling  of  the  USN  and  Australian  empennage 
FSFTs.  However,  during  the  RST  of  the  USN  FSFT  article,  a  failure  occurred  at  this  FCA.  The 
details  of  this  crack  are  provided  in  Table  A-ll.  No  cracking  was  found  at  this  location  on  the 
Australian  FSFT,  even  though  it  was  tested  to  60,000  SFHRS  with  an  augmented  spectrum. 


83 


DSTO-TR-2418 


Table  A  -11:  FCA  886  FSFT  R  esults 


Finding 

No. 

FS 

HSS 

HoleDia. 

(inch) 

Crack  Length 
(inch) 

Hours 

1061 

1221 

32.75  R 

n/a 

1.9 

38,000 

An  examination  of  the  upper  rear  spar  caps  of  the  USN  and  Australian  test  articles  revealed  a 
significant  structural  configuration  difference  at  the  failure  location.  As  can  clearly  be  seen  in 
Figure  A-  9,  the  Australian  spar  cap  has  a  blended  runout  radius,  while  the  USN  spar  cap  has 
a  sharp  runout  radius.  Both  configurations  are  within  the  tolerances  on  the  drawing. 
Investigations  as  part  of  the  DSTO  TI  have  shown  this  has  a  significant  effect  on  the  localised 
stresses  at  this  detail  which  in  turn  has  a  significant  effect  on  the  life  of  the  component. 


Figure  A  -  9:  Difference  between  the  A  ustralian  (left)  and  USN  (right)  U  pper  Rear  Spar  Caps 

There  have  been  no  reported  inspections  of  this  location  for  fatigue  cracks  by  any  of  the  P-3 
SLAP  partners. 
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Appendix  B:  DC  PD  Calibration  of  P-3  Coupons 

Prior  to  commencing  the  P-3  coupon  test  program,  two  coupons  were  used  to  validate/ calibrate 
the  DCPD  system  as  per  [12].  The  validation  process  involved  checking  the  DCPD  crack  growth 
against  fractographic  crack  growth  results  after  application  of  an  F/A-18  sequence  (the  FT55 
//m512//  spectrum  which  is  described  in  [12]).  An  F/A-18  sequence  was  selected  over  a  P-3 
sequence  as  the  resulting  fracture  surface  is  much  easier  to  read  fractographically.  Note  that  the 
process  of  validation/ calibration  which  checks/ determines  the  relationship  between  voltage  and 
crack  length,  is  independent  of  sequence  for  a  given  coupon  configuration.  Figure  B.  1  and  Figure 
B.  2  present  plots  of  crack  growth  from  fractography,  DCPD  using  the  Johnson  Equation  and 
DCPD  using  the  multi-part  polynomial  derived  in  [12]  for  coupons  P-3C-03  and  P-3C-04 
respectively.  Crack  length  is  measured  from  the  centre-line  of  the  coupon.  As  can  be  seen,  the 
crack  growth  from  the  Johnson  Equation  provides  a  poor  match  with  the  fractographic  data  while 
the  multi-part  polynomial  is  better,  but  could  be  improved  for  crack  lengths  less  than  5  mm. 

As  a  result,  a  calibration  using  the  data  from  coupon  P-3C-04  was  performed  following  the 
process  outlined  in  [12].  Figure  B.  3  shows  a  plot  of  a/ W  (fractographic  crack  length  divided  by 
coupon  width)  versus  U  (ratio  of  active  coupon  voltage  divided  by  reference  coupon  voltage  - 
see  [12]  for  more  details)  for  a/W  values  greater  than  0.248.  Note  that  here  'a'  represents  the 
total  crack  length  including  the  notch.  A  3rd  order  polynomial  was  fitted  through  this  data  and  is 
included  in  the  plot.  Figure  B.  4  shows  a  plot  of  a/W  versus  U  for  a/W  values  less  than  0.248. 
Note  that  for  a/W  values  less  than  0.23,  the  U  values  tended  to  fluctuate.  Consequently,  these 
data  points  were  removed  and  an  initial  point  representative  of  an  uncracked  coupon  was 
inserted  at  a/W  =  0.2  and  U  =  1.  This  point  represents  the  total  notch  length  divided  by  the 
coupon  width  while  U  should  equal  1  at  the  start  of  cycling.  A  3rd  order  polynomial  was  then 
fitted  through  this  data  and  is  shown  in  Figure  B.  4.  The  transition  point  between  the  two 
polynomials  is  set  at  U  =  1.0175.  Therefore,  the  new  multi-part  polynomial  is  as  follows: 

1.  U  <  1.0  a  =  notch  length 

2.  1.0  <  U  <  1.0175  a  =  (11228.21U3  -  34096.74U2  +  34515.63U  -  11646.9)  x  W 

3.  U  >  1.0175  a  =  (0.4196U3  -  2.0292U2  +  3.6353U  -  1.7866)  x  W 

The  performance  of  this  new  multi-part  polynomial  was  checked  against  the  fractographic 
crack  growth  data  for  coupons  P-3C-04  and  P-3C-03  in  Figure  B.  5  and  Figure  B.  6 
respectively.  The  crack  length  represented  by  the  multi-part  polynomial  in  these  plots  is  the 
total  crack  length  which  includes  the  notch.  As  can  be  seen,  the  new  multi-part  polynomial  is 
an  improvement  over  the  Johnson  Equation  and  the  old  multi-part  polynomial  provided  in 
[12].  Therefore,  the  new  multi-part  polynomial  was  used  to  convert  DCPD  voltages  to  crack 
lengths  for  the  P-3  coupon  test  results  provided  in  Section  9. 

Finally,  the  minimum  crack  size  measurable  by  the  DCPD  system  was  evaluated  in  Figures 
B.7  and  B.8  where  the  fractographic  and  DCPD  crack  lengths  were  compared  on  a  log  scale. 
The  crack  length  in  these  plots  represents  the  left  hand  side  crack  plus  the  right  hand  side 
crack  only  (i.e.  the  notch  is  not  included).  As  can  been,  the  new  DCPD  multi-part  polynomial 
is  able  to  measure  'total'  crack  lengths  down  to  about  0.8  mm  (0.031")  which  is  equivalent  to  a 
0.4  mm  (0.016")  crack  on  both  sides  of  the  notch  if  the  cracking  was  symmetrical.  These 
values  are  significantly  less  than  the  coupon  thickness  of  3.048  mm  (0.12"). 
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Crack  Length  vs  Block  No.  for  Coupon  P-3C-03 


Figure  B.  1:  Crack  Length  versus  Block  N  umber  for  Coupon  P-3C-03 


Crack  Length  vs  Block  No.  for  Coupon  P-3C-04 


Figure  B.  2:  Crack  Length  versus  Block  N  umber  for  Coupon  P-3C-04 


86 


DSTO-TR-2418 


Coupon  P-3C-04:  a/Wvs  U 
for  a/W  >  0.248 

(a  =  total  crack  length  including  notch) 


U 


FigureB.  3:  DCPD  Calibration  of  Coupon  P-3C-04  for  a/W  >  0.248 
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Coupon  P-3C-04:  a/W  vs  U 
for  a/W  <  0.248 

(a  =  total  crack  length  including  notch) 


0.26 


0.25 


0.24 


0.23 


5 

15 


0.22 


0.21 


0.20 


0.19 


=  11228. 21x3  -  34096. 74x2  +  34515.63X-  11646.90 
R2  =  1.00 


0.998 


1.003 


1.008 

U 


1.013 


1.018 


FigureB.  4:  DCPD  Calibration  of  Coupon  P-3C-04  for  a/W  <  0.248 
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Total  Crack  Length  vs  Block  No  for  Coupon  P-3C-04 


FigureB.  5:  Total  Crack  Length  versus  Block N  umber  for  Coupon  P-3C-04  (N  ew  Polynomial) 


Total  Crack  Length  vs  Block  No  for  Coupon  P-3C-03 


FigureB.  6:  Total  Crack  Length  versus  Block N  umber  for  Coupon  P-3C-03  (N  ew  Polynomial) 
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Crack  Length  vs  Block  No  for  Coupon  P-3C-03 


FigureB.  7:  Crack  Length  versus  Block  N  umber  for  Coupon  P-3C-03  (N  ew  Poly)  -  LogScale 


Crack  Length  vs  Block  No  for  Coupon  P-3C-04 


FigureB.  8:  Crack  Length  versus  Block  N  umber  for  Coupon  P-3C-03  (New  Poly)  -  Log  Scale 
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Appendix  C:  Stress  Intensity  Solution  for  Ktg  =  5 

Double  Ear  Coupon 


Crack  Size 
(inch) 

Beta 

Factor 

0.0001 

2.91 

0.00290625 

2.27896 

0.00532811 

2.25689 

0.00823433 

2.20592 

0.011625 

2.11709 

0.0178344 

2.05649 

0.0263682 

1.94055 

0.0370343 

1.89306 

0.0498429 

1.81172 

0.0634315 

1.7287 

0.0783811 

1.77695 

0.0936213 

1.76152 

0.104767 

1.71826 

0.12143 

1.66265 

0.147413 

1.62448 

0.178175 

1.60052 

0.213716 

1.57787 

0.252091 

1.59258 

0.291398 

1.63224 

0.328806 

1.69872 

0.368797 

1.83063 

0.411374 

1.98067 

Beta  Solution  for  Double  Ear  Coupon 

Q 

45 

O 

O 

Z.O 

Q 

1 

-1 

1.0 

1 

n 

U.O 

0 

c 

}  OJ 

05  0 

Li  0. 

15  0 

.2  o.: 

a  (inch) 

25  0 

l3  0.: 

35  0 

.4  0- 

91 


DSTO-TR-2418 


92 


Page  classification:  UNCLASSIFIED 


DEFENCE  SCIENCE  AND  TECHNOLOGY  ORGANISATION 
DOCUMENT  CONTROL  DATA 


1.  PRIVACY  MARKING/  CAVEAT  (OF  DOCUMENT) 


2.  TITLE 

Evaluation  of  Alternative  Life  Assessment  Approaches  Using  P-3 
SLAP  Test  Results 


3.  SECURITY  CLASSIFICATION  (FOR  UNCLASSIFIED  REPORTS 
THATARE  LIMITED  RELEASE  USE  (L)  N  EXT  TO  DOCUMENT 
CLASSIFICATION) 


Document 

Title 

Abstract 


(U) 

(U) 

(U) 


4.  AUTHOR(S) 

David  Mongru,  Phil  Jackson,  Kai  Maxfield  and  Chris  Wallbrink 


5.  CORPORATE  AUTHOR 

DSTO  Defence  Science  and  Technology  Organisation 
506  Lori  mer  St 

Fishermans  Bend  Victoria  3207  Australia 


6a.  DSTO  NUMBER 
DSTO-TR-2418 


6b.  AR  NUMBER 
A  R-014-780 


6c.  TYPE  OF  REPORT 
Technical  Report 


7.  DOCUMENT  DATE 
June  2010 


8.  FILE  NUMBER 

9.  TASK  NUMBER 

10.  TASK  SPONSOR 

11.  NO.  OF  PAGES 

12.  NO.  OF  REFERENCES 

2009/  1100614 

07/  283 

DGTA 

93 

22 

13.  URL  on  the  World  Wide  Web 

http:/  /  www.dsto.defence.gov.au/  corporate  reports/  DSTO-TR-2418.pdf 


14.  RELEASE  AUTHORITY 
Chief,  Air  Vehicles  Division 


15.  SECON  DARY  RELEASE  STATEM  ENT  OF  TH  IS  DOCU M  ENT 

A  pproved  for  public  release 

OVERSEAS  ENQUIRIES  OUTSIDE  STATED  LIMITATIONS  SHOULD  BE  REFERRED  TH  ROUGH  DOCUM  ENT  EXCHANGE,  P0  BOX  1500,  EDINBURGH,  SA  5111 


16.  DELIBERATE  ANNOUNCEMENT 
No  Limitations 


17.  CITATION  IN  OTH  ER  DOCUM  ENTS 


Yes 


18.  DSTO  RESEARCH  LI BRARY  TH  ESAURUS  http:/ /  web-vic.dsto.defence.qov.au/  workareas/  library/  resources/  dsto  thesaurus.shtml 
Airworthiness  standards,  fatigue  life 


19.  ABSTRACT 

The  effect  of  selecti  ng  different  ai  rworthi  ness  standards  and  I  ifi  ng  methodologies  on  i  n-service  structural  I  ife  assessments  is  exami  ned  by 
usingthefull  scaletest  results  from  the  P-3Service  Life  Assessment  Program  (P-3  SLAP).  Theeffect  on  structural  inspection  thresholds  and 
i  ntervals  is  determi  ned  by  applyi  ng  the  methods  advanced  by  major  i  nternational  mi  I  itary  and  ci  vi  I  i  an  ai  rworthi  ness  standards.  Different  I  ife 
prediction  models  are  also  compared  against  the  P-3  SLAP  results  and  against  results  from  DSTO  coupon  tests. 


Page  classification:  UNCLASSIFIED 


